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A QUANTITATIVE STUDY OF PHENOCOPY PRODUCTION WITH 
MONOCHROMATIC ULTRAVIOLET IRRADIATION 


CLAUDE A. VILLEE ? 


Marine Biological Laboratory, Woods Hole, Mass., and Department of Biological Chemistry, 
Harvard Medical School, Boston, Mass. 


The term phenocopy was introduced by Goldschmidt (1935) to refer to forms, 
produced by some experimental procedure, whose appearance duplicates or copies 
the phenotype of some mutant or combination of mutants. The first experiments 
with phenocopy production were those of Standfuss (1896) who, by treating 
butterfly pupae with high or low temperatures, produced adults which resembled 
other geographic races. Phenocopies have been produced in Drosophila by high 
temperature (Goldschmidt, 1929, 1935; Plough and Ives, 1932, 1935; Child, 
Blanc, and Plough, 1940), low temperature (Gottschewski, 1934), X-rays (Friesen, 
1936; Waddington, 1942; Villee, 1946a), chemical agents (Rapoport, 1939), 
visible light (Villee and Lavin, 1946), and ultraviolet light (Geigy, 1931; Eloff, 
1939; Epsteins, 1939). Geigy irradiated only very early egg stages and obtained 
flies with abnormal abdomens, legs, and wings. Eloff was interested primarily in 
the effects of ultraviolet light on crossing-over but observed some wing abnormali- 
ties when late pupae were irradiated. Epsteins irradiated larvae and pupae and 
produced abnormal abdomen, hemithorax, the absence of the scutellum, and abnor- 
malities in the wings, chiefly scalloping of the distal and posterior edges of the 
wings. In none of these experiments was the intensity of the ultraviolet light 
measured. 

This study was undertaken to provide quantitative data of the effects of ultra- 
violet light on larval and pupal stages. It was originally planned to use both 
2537 A and 2800 A light to see if the phenocopy-producing reactions could be 
ascribed to changes in nucleic acid or protein metabolism. However, a light source 
providing 2800 A light could not be obtained so experiments with that have been 
postponed. Davis (1944) made a quantitative study of the effects of ultraviolet 
in inhibiting the folding process in neural tube formation in chicks. By using 
monochromatic light of different wave-lengths obtained from a monochromator he 
determined the photochemical efficiency curve for the process. This was found to 
compare closely with the absorption curve of sterols, especially that of 7-dehydro- 


1I am greatly indebted to Dr. George I. Lavin for supplying the ultraviolet lamp, filter, 
and meter used in these experiments and for furnishing much invaluable advice and criticism 
during the course of the study, and to Dr. Eric G. Ball for the facilities of his laboratory, 
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cholesterol, with maxima at 2576 A and 2804 A. Schechtman (1944) found that 
the inhibiting effects of ultraviolet light on the development of Hyla eggs were 
slightly stronger at 2537 A than at other bands tested and Landen and Uber (1939) 
found that the inactivation of yeast by ultraviolet was greatest at 2600 A, where 
500 ergs/mm.? produced 50 per cent inactivation. Stadler and Uber (1942) found 
that the photochemical efficiency curve of ultraviolet light in producing mutations 
in maize corresponded to the absorption curve of nucleic acids and Hollaender 
(1945) and colleagues found that ultraviolet of wave-length 2600 A was much more 
efficient than other wave-lengths in producing mutations in a variety of fungi, 
Neurospora, Trichophyton, Penicillium, and Aspergillus. 


MATERIALS AND METHODS 


Three stocks were irradiated: a wild type and an aristapedia-Bridges (ss*8, 
chromosome 3, locus 58.8) stock isogenic with it (Villee, 1946b) and an inde- 
pendent, miniature wing (m, chromosome 1, locus 36.1) stock. Larvae were 
obtained by allowing large numbers of stock flies to lay eggs for a two-hour period 
on corn meal-molasses-agar food in half-pint bottles. The ages of the larvae are 
thus known to within + one hour. The cultures were kept at 25.5° C. before and 
after irradiation. At this temperature the larvae pupate within a few hours of 
100 hours after they hatch from the eggs. Prepupae (white pupae) were col- 
lected frequently and the time noted. The age of the pupae at irradiation was 
determined from this. A total of 3,500 flies was irradiated in groups of 25 larvae 
or pupae. 

The source of the ultraviolet radiation was a spiral quartz mercury resonance 
lamp, manufactured by the Hanovia Chemical Company, which emits about 80 per 
cent of its energy in the form of the 2537 A line. A 120 mA. luminous tube trans- 
former was used. The visible radiation was removed by a quartz filter cell con- 
taining a mixture of nickel sulfate and cobalt sulfate dissolved in distilled water 
(Backstrom, 1940). The lamp used had been burned well over 100 hours before 
the experiments began so the amount of radiation of wave-lengths shorter than 
2537 A should be negligible. The intensity of the irradiation was varied by alter- 
ing the distance between the lamp and the target. The intensity was measured by 
a Hanovia ultraviolet meter, the target of which was fastened to a carriage on an 
optical bench. The larvae or pupae to be irradiated were placed in a small un- 
covered Petri dish on this carriage. By moving the carriage back and forth, 
intensity measurements were taken before and after each irradiation and always 
checked very closely. 

The larvae to be irradiated were removed from the culture bottles, washed 
briefly in 70 per cent alcohol, rinsed in Ringer’s solution, dried on filter paper and 
placed in small, uncovered, dry Petri dishes. The larvae very shortly became stuck 
to the glass and showed no tendency to escape from the dish. After irradiation, 
the larvae were moistened with Ringer’s solution to free them and removed with a 
camel’s hair brush to shell vials containing culture medium to complete develop- 
ment. This drying treatment had no deleterious effect on the larvae: several 
groups of larvae were handled in this way and dried 20 to 30 minutes without 
irradiation and all hatched out normally. 
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ULTRAVIOLET RADIATION AND PHENOCOPIES 


RESULTS 


Larvae show a gradual increase in sensitivity to ultraviolet radiation with age 
from 50 to 100 hours after hatching to a maximum at one hour after pupation, then 
a sharp decrease in sensitivity with pupal age. The sensitivity of flies to ultra- 
violet at an intensity of 44 ergs per mm.” per second for different durations of 
exposure, as measured by the percentages killed, is given in Figure 1. 
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Ficure 1. Percentage of flies killed by different total dosages of irradiation at different ages 
given at 44 ergs/mm.?/sec. 


The percentage of flies showing phenocopies also varies with the age of the 
larva or pupa irradiated (Fig. 2). There seem to be two periods during the 
larval stage of greater phenocopy production for a given amount of radiation, one 
about 50 and one about 100 hours after the larvae hatch from the egg. The entire 
larval period from 40 to 100 hours after hatching is one of fairly high phenocopy 
production, higher than the first 24 hours of pupal life. Some pupae showed very 
high percentages of phenocopies, up to 400 per cent (400 phenocopies per 100 flies), 
but this was caused by the fact that the pupae can withstand more energy for the 
production of phenocopies without being killed. The high percentages of pheno- 
copies were the result of irradiations with 13,200 or 26,400 ergs/mm.? Since these 
dosages killed 100 per cent of the flies irradiated at most of the ages used, no lines 
were drawn for them on Figure 2. In 7- to 12-hour pupae, irradiations of 
3,960 ergs/mm.” gave 120 phenocopies per 100 flies, 13,200 ergs/mm.?, 200 pheno- 
copies per 100 flies, and 26,400 ergs/mm.’, 300 phenocopies per 100 flies. 

The phenocopies produced included abnormal abdomen, combgap legs, abnormal 
thorax, small or rough eye, fused eye facets, folded, dumpy, curled or balloon wings, 
abnormalities in the wing veins, fused, singed or missing bristles and microchaetes, 
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doubled sex combs on a male prothoracic leg, and a shoulder-like protrusion grow- 
ing anteriorly from the mesothorax. 

The most numerous type of phenocopy produced was that involving an abnor- 
mality in the abdomen, some deformity in or the complete absence of one or more 
tergites. These were produced by irradiating flies in any stage of development 
from 40-hour larvae to 24-hour pupae. Geigy (1931) produced similar pheno- 
copies by irradiating eggs 4% to 17% hours old. (See Geigy for figures of the 
variations in phenotype produced.) Epsteins (1939) reported similar abnormali- 
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Ficure 2. Number of phenocopies per 100 flies produced by different total dosages of 
irradiation at different ages given at 44 ergs/mm.?/sec. 


ties produced by irradiations at times comparable to those used in this study. The 
large numbers of these resulting from irradiations during either the egg, larval, 
or early pupal stage is probably due to the fact that the dorsal abdominal imaginal 
discs lie close to the dorsal surface and are more readily reached by the rays than 
are deeper-lying discs. Eloff (1939) showed that ultraviolet light penetrates one 
thickness (about 10 microns) of Drosophila cuticle with only slight diminution of 
effect, but that four thicknesses screen out the effective rays. 

Abnormalities in the formation of the mesothorax and scutellum occur after 
irradiation during the pupal period, especially between 7 to 12 and 12 to 24 hours 
after pupation. These include absence of the scutellum, failure of the right and 
left dorsal mesothoracic discs to fuse, failure of one disc to unfold properly, etc., 
giving phenotypes similar to those of certain grades of tetraltera (see Villee, 1942, 
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for figures). The eye phenocopies, small, rough, or fused eye facets, also were 
obtained after irradiation in the pupal period, especially between 7 and 24 hours 
after pupation. One fly irradiated in this period showed large, swollen legs re- 
sembling the phenotype of combgap. The wing and bristle phenocopies were pro- 
duced primarily by irradiation in the pupal period, 7-24 hours after pupation. Re- 
duction of the microchaetes occurred only after irradiation in this period. An 
additional period in which both bristle and wing phenocopies were produced was 
between 8 and 90 hours of larval life. Dumpy wings were produced only by the 
irradiation of the pupae. 

The three stocks used in general responded similarly to irradiations of com- 
parable developmental stages. The single exception was aristapedia-Bridges, 
which frequently developed 2- to 4-segmented tarsi when irradiated as 80- or 
90-hour larvae or as 7- to 12-hour pupae. This same stock also develops very 
short, 1- to 4-segmented tarsi when treated with X-rays (Villee, 1946a), low 
temperature (Villee, 1943) or when combined with “growth rate” genes (Villee, 
1945), although under normal conditions it always has normal 5-segmented tarsi 
(see Villee, 1946a for discussion). 

Only two phenocopies were found which resembled the pervasive effects of 
overgrowth or abnormal histogenesis found frequently with X-radiation of 70- to 
90-hour larvae (Waddington, 1942; Villee, 1946a). One wild type male irra- 
diated as a 3- to 7-hour pupa with a total of 5,280 ergs/mm.? developed a second 
pair of sex combs on the second tarsal segment of the prothoracic leg, and re- 
sembled closely a phenotype obtained with X-radiation (Villee, 1946a, Fig. 8). 
One wild type female irradiated 100 hours after hatching from the egg, about 2 
hours before pupation, with 2,640 ergs/mm.* developed a small palp-like outgrowth 
from the anterior dorso-lateral margin of the thorax, apparently identical with 
those obtained with X-radiation (Villee, 1946a, Figs. 1-3). 

Irradiation of larvae with ultraviolet does not cause a retardation of pupation 
as X-radiation does. The larvae pupate in the normal time after ultraviolet treat- 
ment; X-radiation causes a retardation of pupation of 8 to 12 days beyond the 
time when controls pupate (Villee, 1946). With X-radiation there is also a 
marked difference in the results of irradiation of about the same dosage given at 
different intensities. A given dosage at high intensity causes a much higher 
lethality than a similar dosage at low intensity. With ultraviolet radiation, this 
difference is not found. A given dosage of ultraviolet light, whether given at 44, 
37, 27, 17.5, or 11 ergs/mm.*/sec., produces about the same percentage of lethality 
and of phenocopies. It may be that the range of ultraviolet intensities used was 
not great enough. There is only a factor of four between the lowest and highest 
intensities, whereas in the X-ray experiments the high intensity was 71 times the 
low intensity (5,540 vs. 78 r. units per minute). However, Carlson and Hollaender 
(1944) found that the effects of 2537 A light on mitosis in grasshopper neuroblasts 
depend simply on the total dosage and not on the intensity even when it is varied 
by a factor of 1500. Ina later paper (Carlson and Hollaender, 1945) they found 
that at low total dosages (57.6 ergs/mm.*) intensities varying from 0.004 to 16.3 
ergs/mm.”/sec. showed no significant differences in the effect on mitosis, but at 
high total doses (172.8 and 230.4 ergs/mm.*) treatments given at high intensity 
were slightly more effective in depressing mitosis than ones at low intensity. The 
dosages used in this study were higher than Carlson and Hollaender’s highest but 
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no intensity effect was observed. Bain and Rusch (1943) reported just the oppo- 
site conditions in the production of tumors in mice by ultraviolet radiation. They 
found ultraviolet of wave-lengths 2800-3400 A more effective in producing tumors 
when given at low intensities over long periods of time than when given at high 
intensities for short periods. They used much greater amounts of energy, 116- 
212 x 10° ergs/mm.’, than used by Carlson and Hollaender in their experiments. 
The high intensity, 1.35 x 10° ergs/mm.*/day, was about four times their low inten- 
sity, 0.35 x 10° ergs/mm.?/day. 


DISCUSSION 


The factors regulating the production of phenocopies by temperature treatments 
are: (1) the developmental stage at which the treatment is applied; (2) the ex- 
tensity (total time) of the treatment; (3) the intensity of the treatment; and (4) 
the genotype of the animals treated (Goldschmidt, 1929, 1935). With ultraviolet 
light, the important factors are the age of the fly at irradiation, the stock used, 
and the total dosage of irradiation. Within the range of intensities used in these 
experiments, variations in intensity had no effect in changing the percentage of 
lethality or of phenocopies. The phenocopies produced may, in the main, be 
explained as due to the absorption of the light energy in individual cells or small 
groups of cells, probably by the nucleic acids, since 2537 A is close to the region in 
which they absorb maximally, 2600 A. Since both desoxyribose nucleic acid, 
ldcated in the chromosomes, and ribose nucleic acid, located in the cytoplasm as 
well as in the chromosomes, absorb at the same wave-length, it is impossible to 
decide whether the phenocopy-producing reaction is localized in the nucleus, cyto- 
plasm, or in both. The fact that ultraviolet of 2537 A wave-length affects the 
chromosomes and retards mitosis in grasshopper neuroblasts (Carlson and Hol- 
laender, 1944) would suggest that the phenocopy effect is also mediated by the 
chromosomes. Hollaender, Greenstein, and Jenrette (1941) found that 2537 A 
radiation causes a depolymerization of sodium thymonucleate (desoxyribonucleate ) 
in vitro. Asa working hypothesis we may suppose that irradiation of Drosophila 
larvae or pupae with 2537 A is absorbed by nucleic acids or nucleoproteins in the 
chromosomes of the cells of the imaginal discs near the surface. The absorption 
of this energy results in a physical change, a depolymerization, of the nucleic acid 
with a consequent upset in the structure of the gene so that it is partially or com- 
pletely inactivated, with the result that development of that structure is abnormal. 
Since the inactivated genes are located in some body cell rather than a germ cell, 
a phenocopy rather than a mutation is produced. Future research may, of course, 
show that the phenocopy-producing mechanism is entirely different from that 
proposed here. 

Some of the phenocopies found in these experiments suggest that the cells of 
the imaginal discs were killed, others suggest that certain genes were altered or 
inactivated, perhaps by the scheme outlined above. Only two of the phenocopies, 
a doubling of the sex combs on the male prothoracic leg, and a palp-like outgrowth 
from the anterior dorso-lateral margin of the thorax, each of which occurred only 
once in the course of the study, suggest the pervasive effects of abnormal histo- 
genesis found frequently with X-radiation. These have been explained (Wad- 
dington, 1942; Villee, 1946a) by assuming that the X-rays cause the death of cells 
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and that the dead or necrotic cells release diffusible morphogenetic substances 
which result in the abnormal histogenesis or overgrowth. The same explanation 
may be applied to the abnormal histogeneses produced by ultraviolet radiation. 

The sensitive periods for certain of the phenocopies are slightly different from 
those found for X-rays or temperature treatments. It is rather difficult to com- 
pare the work of different investigators, who use different stocks raised at different 
temperatures, but it would appear that the sensitive period for the production of 
dumpy wings by ultraviolet corresponds with that found by Blane and Child 
(1940) for temperature treatments and that the larval sensitive period for bristle 
reduction by ultraviolet is identical with the temperature sensitive period deter- 
mined by Child (1935). In addition there is a sensitive period for bristle reduc- 
tion by ultraviolet in the pupal stage which was also found in X-radiation experi- 
ments (Waddington, 1942; Villee, 1946a). The sensitive period for the reduction 
of the size of the eye by ultraviolet is in the pupal period, 7-24 hours after pupation, 
whereas Goldschmidt (1935) found the temperature sensitive period to be in the 
larval period, at an age corresponding to approximately 90 hours after hatching 
from the egg. Abnormalities in the thorax appear after ultraviolet irradiation in 
the pupal period, 7-24 hours after pupation, but in the larval period at ages corre- 
sponding to 50-100 hours after hatching from the egg following X-radiation 
(Villee, 1946a). The wing phenocopies produced by ultraviolet had two sensitive 
periods, one in the larval period about 80-90 hours after hatching from the egg, 
which corresponds to the temperature sensitive period (Goldschmidt, 1935) and 
an additional one in the pupal period not found with temperature treatments. 

The energy threshold for the production of phenocopies is slightly below the 
lowest total dosages, 330 and 440 ergs/mm.’, used in these experiments and varies 
with the age of the fly irradiated. At one hour after pupation, no phenocopies 
were produced by 440 ergs/mm.* but the dosage caused a 50 per cent mortality 
among the pupae irradiated. At other ages, from 5 to 33 per cent phenocopies 
(i.e., 5 to 33 phenocopies per 100 flies) were obtained with this dosage. This 
threshold level is of the same order of magnitude as that found by Landen and 
Uber (1939) for the inactivation of yeast (500 ergs/mm.* produced a 50 per cent 
inactivation) and by Giese (1946) for the production of abnormalities in devel- 
oping echinoderms by the irradiation of sperm before fertilization. He found the 
threshold level for the production of abnormalities in development by irradiating 
the eggs of these forms to be considerably higher, on the order of 5,000-8,000 
ergs/mm.* Carlson and Hollaender (1945) found a considerably lower threshold 
in the effects of ultraviolet on mitosis in grasshopper neuroblasts: about 100 
ergs/mm.* produce a reduction of the mitotic ratio to 0.5. Davis (1944) found 
that the energy required to inhibit the folding process in neural tube formation 
varied with the wave-length of the ultraviolet used and that about 200 ergs/mm.? 
produced the inhibition when ultraviolet of 2537 A was used. 

It is impossible to make an exact comparison between the actions of X-rays 
and ultraviolet rays per energy unit, first, because their modes of action are dif- 
ferent, and second, because only a small percentage of the X-rays are absorbed 
and become effective in the tissue irradiated, the rest pass through without affecting 
the cells, whereas ultraviolet rays are largely absorbed by tissues as thick as a 
Drosophila larva or pupa. However, it is of interest to make a rough comparison 
between the experiments reported here and the previous study using X-rays 
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(Villee, 1946a). It was found that the threshold for the production of phenocopies 
with X-rays was slightly below 1096 r. units. At that level from 0 to 40 per cent 
of the flies were killed and from 0 to 10 per cent showed phenocopies. This dosage 
D in roentgens may be converted to the density of absorbed energy, E, by the 
formula E = 83 D ergs/cm.* (Cole, personal communication) to give 90,968 
ergs/cm.’ The absorbed energy of the ultraviolet radiation, computed from the 
area and volume of the larva and the minimal threshold intensity of 440 ergs/mm.? 
and assuming total absorbtion by the organism, is 440,000 ergs/mm.* From this 
it can be seen that X-radiation is approximately five times as effective per energy 
unit as ultraviolet radiation of wave-length 2537 A in producing phenocopies. I 
want to thank Professor Kenneth S. Cole for his assistance in making these calcu- 
lations. 


SUMMARY 


1. Drosophila larvae, prepupae and pupae of various ages and genotypes were 
irradiated with ultraviolet of wave-length 2537 A and in dosages varying from 
330 to 79,200 ergs/mm.? The phenocopies produced varied with the age of the 
irradiated fly, the stock used, and the total dosages of the irradiation. Irradiation 
with ultraviolet does not cause a retardation of pupation as X-radiation does. 

2. Larvae show a gradual increase in sensitivity to ultraviolet radiation with 
age from 50 to 100 hours after hatching from the egg to a maximum at one hour 
after pupation, then a sharp decrease in sensitivity with pupal age. There are two 
periods in the larval stage, one about 50 and one about 100 hours after hatching, 
of greater phenocopy production for a given amount of radiation. Irradiations 
during the first 24 hours of pupal life produce fewer phenocopies for a given 
amount of radiation than during the larval period. 

3. The sensitive periods for the production of certain phenocopies by ultra- 
violet are compared with the sensitive periods for X-ray and temperature treat- 
ments. Some are identical, a few are different. 

4. Irradiations of the same total dosage produce the same percentages of 
lethality and of phenocopies whether given at high or low intensities. The threshold 
level for the production of phenocopies varies with the age of the fly irradiated but 
is about 440 ergs/mm.? A comparison is made of this threshold with the thresholds 
for the effect of ultraviolet on other biological systems and with the effect of X-rays 
on phenocopy production in Drosophila. 

5. A hypothesis for the mechanism involved in the production of phenocopies 
by ultraviolet rays is discussed. 
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CYTOLOGICAL AND EXPERIMENTAL STUDIES ON THE OOCYTES 
OF FRESH WATER PULMONATES?* 


ERNEST W. HARTUNG, JR.* 


The Department of Zoology, University of Vermont, Burlington, Vermont 


The organization of the ovum and the importance and relation of its inclusions 
such as yolk, oil, pigment, and other granules, to the ontogenic process are of 
considerable interest to embryologists. 

Early centrifugation experiments on the eggs of many invertebrates established 
the facts that distribution of the visible elements apparently has no direct causal 
relation to the cleavage pattern of the egg or the development of the adult, and 
that there must be some sort of formed or underlying ground substance which 
could be only slightly affected, if at all, by centrifugal force (Lillie, 1906, 1909; 
Morgan, 1908; Morgan and Spooner, 1909; Conklin, 1910). More recently Raven 
and Bretschneider (1942), as the result of experiments with the eggs of the pond 
snail, Lymnaea stagnalis, have questioned the premise that distribution of visible 
elements in the egg has no effect on the developmental pattern. However, they 
have been unable to cause any atypicalities in ontogeny attributable to centrifuga- 
tion and stratification of these elements. 

Practically all of the centrifugation experiments directed at gaining informa- 
tion about the organization of the ovum or the role of the visible inclusions in 
development have been made on eggs already deposited, and, in many cases, 
already fertilized. Few, if any, have considered the egg from the point of view 
of its development prior to its release from the gonad, during the time when its 
organization might be considered in the “formative stage.” 

The present paper is a report of some cytological and experimental investiga- 
tion on the ovarian odcytes of two species of fresh water snails, Lymnaea stagnalis 
appressa Say and Physa gracilis. These species were chosen for investigation be- 
cause their eggs exhibit a spiral type of cleavage which is determinate. Hence, 
they may be said to be “restricted” at a very early stage in development. More- 
over, the potentialities of the deposited eggs of numerous species in the genera 
Physa and Lymnaea have already been thoroughly investigated and hence there has 
accumulated much information against which new research can be contrasted and 
properly evaluated. 

The cultures of Physa were obtained from laboratory stocks on hand at the 
Biological Laboratories of Harvard University, while those of Lymnaea were im- 
ported to the laboratories from Wisconsin. Both cultures were kept in laboratory 
aquaria where they reproduced readily without special culture techniques other 
than those usually followed in maintaining balanced aquaria. 


1 The experimental work described herein was done at the Biological Laboratories, Harvard 
University, Cambridge, Mass. 

* The writer wishes to express his sincere gratitude to Professor Leigh Hoadley for his 
kindness, generosity, and many helpful suggestions pertinent to the course of this work. 
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The body of the work may be divided into three parts. The first includes a 
cytological comparison of the developing odcytes of Lymnaea and Physa. The 
second deals with an analysis of the effects of centrifugation upon the ovarian 
oocyte, and the third is concerned with a comparison of the effects of X-radiation 
on the two species. 

For all cytological studies, unless otherwise indicated, Champy fixing fluid was 
used, followed by the Champy-Kull staining procedure. The gonads were excised 
and then fixed, since the size of the snails made it impractical to obtain good fixa- 
tion by immersion of the entire animal. Material was embedded in paraffin and 
sectioned at five microns. 


THE DEVELOPING OOCYTE 


As might be expected from the relative sizes of the two species, the gonad of 
L. stagnalis is considerably larger than that of P. gracilis. In both species, the 
hermaphroditic gland is found embedded in the liver on the inner side of the coiled 
visceral “hump.” The organ is lobed and slightly more compact in its consistency 
than is the surrounding liver tissue. It may be found easily by tracing the promi- 
nent white and convoluted oviduct to the point where it appears to enter the body 
of the liver. This point marks the anterior aspect of the gonad. 

The superficial histological picture of the active ovotestis presented by the two 
species is essentially the same. In both one finds numerous tubules in which the 
growth and maturation of sperms and the development of odcytes goes on simul- 
taneously. The odcytes are situated along the walls of the tubules and may be 
identified quite early in development by their location and by their enlarged nuclei. 
At the earliest recognizable stage they measure about 10-15 » in diameter, while 
at the time of release from the gland the diameter has increased to approximately 
130-140 ». In spite of the difference in the size of the adults of the two species, 
the size of the ova is about the same. For an account of the general histology of 
the mature ovotestis, the reader is referred to the work of Crabb (1927) in which 
the species Lymnaea stagnalis is treated at considerable length. The present report 
will present only sufficient descriptive background to clarify fully the position and 
relations of the specific regions of the gonad under consideration. 

With Champy-Kull fixation and stain, the ovarian odcytes of both Lymnaea 
and Physa show evidences of a clearly marked polar differentiation by the time 
they have reached one-third of their maximum size. The germinal vesicle is dis- 
placed slightly toward one pole of the cell and a center of accumulation of droplets 
or granules which are blackened by osmic acid is present in the region of the 
opposite pole. Yolky granules which stain red fill the cell completely and obscure 
details of any other cytoplasmic inclusions which might be present. The yolk 
granules show a slight gradation along the axis of polar differentiation, being a 
little finer in the region of the germinal vesicle and coarser at the opposite end of 
the cell (Plate /A and B; Fig. 14). A detailed study of the morphological evi- 
dences of the polarity reveals certain differences in Physa and Lymnaea which 
are expressed through the movements of the osmiophilic inclusions during the 
development of the odcyte. 

In Lymnaea, these black droplets appear first when the egg is about 25 » in 
diameter. They arise in the vegetative region and remain there until after the 
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release of the oocyte. As the odcyte increases in size, the number of the globules 
in the mass increases until the vegetal pole becomes literally packed with them 
(Fig. 1B). Following shedding of the oocyte, the osmiophilic inclusions spread 
out from their massed apolar position and invade the region of the red-staining 
volky granules, with the result that the visible polarity begins to be obscured 


Photomicrographs of odcytes within their envelopes in the hermaplhroditic gland 
A and B, Lymnaea; C, Physa ( approximately 500) 


(Fig. 1C). This migration starts before any signs of breakdown appear within 


~- 


the germinal vesicle, and progresses more rapidly in the subcortical portion of the 
cell. With Champy-Kull stain it is difficult to determine whether this migration 
is the result of factors instigated solely within the odcyte, or whether it is the 
result of an activation caused by fertilization. The work of Crabb (1927) on 


Lyninaea argues strongly for the latter explanation. But regardless of the cause 
of its origin, it is to be stressed that the pattern of migration is constant for all 
oocytes, and the osmiophilic material always has the same distribution in oocytes 
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at comparable stages of development. By the time the maturation process has 
begun and the nucleus is no longer intact or visible the osmiophilic mass appears 
equally distributed throughout the cell (Fig. 1D). 


Ficure 1. Sketches based on camera lucida tracings to show distribution of osmiophilic 
material during the course of development of the odcyte of Lymnaea. A and B, ovarian 
oocytes; C, odcyte at the time of release from surrounding envelope; D, odcyte in tubule of 
gonad just after breakdown of germinal vesicle. 


In Physa the darkened globules appear first when the odcyte is about 25-30,» 
in diameter. Though there is some accumulation of these globules in the vegeta- 
tive pole of the cell the massing is by no means as pronounced as in Lymnaea 
(Plate IC; Fig. 24). Instead, one notes the beginning of a migration of osmio- 
philic material from the vegetative pole toward the animal pole even in the smaller 
oocytes. As the oocyte enlarges in its envelope the spread becomes more and more 
pronounced, while the massing in the vegetal pole is less pronounced. By the 
time the cell has attained three-fourths of its growth, the distribution of the osmio- 
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philic material is directly comparable with that of the released or shed odcyte of 
Lymnaea (Fig. 2B). 

Following the release of the odcyte of Physa from the gland the polarity as 
marked by the osmiophilic globules is obscured and there is a uniform distribution 
of the blackened material throughout the cell (Fig. 2C). The germinal vesicle is 
still intact at this stage, and no signs of the beginning of the maturation process 
have appeared. In this respect the behavior of the dark globules differs strikingly 
from that observed in Lymnaea, where universal and even distribution is not 


Figure 2. Sketches based on camera lucida tracings to show distribution of osmiophilic 


material during the course of development of the odcyte of Physa. A, ovarian oocyte; B, 
ovarian oOcyte about 34 developed. Compare with Figure 1C. C, odcyte at the time of release 
from its envelope. Note the uniform distribution of osmiophilic material, and the fact that the 
germinal vesicle is still intact. 


achieved until after the breakdown of the germinal vesicle. Thus the underlying 
system in Lymnaea appears more “rigid” in its composition, and though the evi- 
dence is indirect, one may speculate on the possibility that the ground substance 
in the odcyte of Physa at the time of its release is in a more fluid physical state 
than that of Lymnaea. 

No other obvious differences between species were noted, nor could other 
indications of the nature of the underlying cytoplasmic patterns be found. In an 
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effort to throw more light in this direction, living snails containing oOcytes were 
subjected to centrifugal force so as to displace the visible inclusions of the oOcytes 
and so further test their organization. 

Single snails were placed on non-absorbent cotton in individual centrifuge 
tubes ; the tubes were filled with water ; and the snails centrifuged at approximately 
1400 x G for thirty minutes. Care was always taken to select snails which were 
laying prolifically at the time of centrifugation. Of the thirty-six individuals of 
each species which were centrifuged, twelve were isolated in individual small-sized 
bowls and retained for subsequent study. The twenty-four remaining specimens 
were divided into six lots of four each, one of which was sacrificed immediately after 
centrifugation, and the remainder at intervals of 14 hour, | hour, 6 hours, 12 hours, 
and 24 hours respectively, after centrifugation. Upon excision, the gonads were 
fixed immediately in Champy’s fluid. They were subsequently embedded in paraf- 
fin, sectioned, and stained after the Champy-Kull method. The odcytes in these 
preparations were then compared with each other and with those of the other lots. 


LYMNAEA 


In the sections of gonads fixed immediately after centrifugation, the contents 
of the oOcytes are stratified into three zones; one of which is centrifugal and red 
(yolky), one of which is almost equatorial, relatively clear and faintly pink or 


Piate Il.. Photomicrographs of odcytes fixed immediately after centrifugation. 4, Lymnaca; 
B, Physa (X approximately 450) 


colorless (cytoplasm, or hyaloplasm), and one of which is centripetal and black 
(oil, blackened by osmic acid, and undoubtedly the great mass of the “osmiophilic 


material” referred to in the previous section). These three zones correspond, no 
doubt, to those described by Conklin (1910) in eggs of Lymnaea and Physa which 
were centrifuged after fertilization and deposition. 


The nucleus in all cases lies in the clear or unstained zone, and, when com- 
pared with the controls, shows little indication of any displacement. The nucleoli 
in a great number of cells have been displaced centrifugally in the nucleus, though 
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this is not always the case. Not all of the yolky material within the odcyte is 
massed at the centrifugal pole; some is usually found “trapped” on the centripetal 
side of the nucleus where it projects into the dark osmiophilic cap (Plate 114; 
Fig. 3A). 


igure 3. Sketches based on camera lucida tracings of oOcytes of Lymnaea fixed at dif- 
ferent intervals following centrifugation. 4, immediately after centrifugation, showing distinct 
layering into a black centripetal zone, clear central zone, and granular yolky zone. Granular 
area above germinal vesicle represents yolk “trapped” at centripetal end of cell. B, odcyte fixed 
one-half hour following centrifugation; C, cell fixed one hour after centrifugation; D, oOcyte 
from preparation fixed six hours after centrifugation. Compare with Figure 1A and B. 
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Since the ovotestis is composed of convoluted tubules or acini, and the oocytes 
are located in the walls of these acini, the orientation of the odcytes with regard 
to the direction of centrifugal force varies. Stratification bears no relation to 
previous distribution of materials or visibly expressed polarity. This is the natural 
expectation based on the results of Conklin, previously mentioned. 

The odcytes in gonads fixed one-half hour after centrifugation already show a 
breakdown in the stratification. The “clear” hyaloplasmic area is invaded by the 
yolk, leaving only two of the former zones visible. The osmiophilic centripetal 
masses are migrating in small loose clumps from the area of former concentration, 
that material now being restricted to the inner cortical and subcortical regions of 
the cell. In the outer cortical portion between the remainder of the centripetally 
massed dark material and the egg surface a thin, nearly clear zone is now visible 
which extends over the odcyte from the centripetal pole to a point somewhat below 
the middle. This zone is found one-half hour after centrifuging but is not apparent 
in preparations fixed immediately after centrifuging, when stratification is complete 
(Fig. 3B). 

One hour after centrifugation the outer cortical clear zone has disappeared 
and the concentration of the osmiophilic substance has become diffused. Small 
clumps of the droplets are making their way back to their original position near the 
vegetative pole. The return path is not directly through cytoplasm and yolky 
materials but for the most part lies in the peripheral layers of the odcyte. This 
phenomenon recalls the work of Lillie (1909) in which a denser “spongy” cyto 
plasmic core, evidently a part of the ground substance, was demonstrated in the 
unfertilized eggs of Chaetopterus. This center dense area is probably also in part 
responsible for the “trapping” of some yolky granules at the centripetal end of 
the oocyte as described above. 

At this stage, the yolky granules are uniformly distributed throughout the egg. 
The position of the nucleus has not changed, though those nucleoli which were 
displaced have left the centrifugal pole of the nucleus and have regained their more 
central location (Fig. 3C). 

By the end of the sixth hour following centrifugation the odcyte has, in most 
respects, regained its typical appearance. One or two isolated clumps of osmio- 
philic material may still be seen in the course of migration to the vegetative pole, 
but there are no other indications that the components of the cell have been dis- 
placed (Fig. 3D). By the twelfth hour all of the oocytes have reassumed the 


appearance presented prior to stratification, so that it is impossible to distinguish 
the centrifuged ovotestis from that of the controls. The same is true for the 
gonads fixed after twenty-four hours. 


PHYSA 


The ovarian odcytes of Physa fixed immediately after centrifugation show four 
zones. As in Lymnaea, there is a concentration of darkened osmiophilic sub- 
stance at the centripetal pole, a clear band containing the nucleus, and a heavy red, 
yolky area occupying the greater part of the centrifugal hemisphere of the cell. In 
addition there may be found a fourth zone which is located at the extreme cen- 
trifugal pole. This appears as a small unstained area. In all probability it repre- 
sents yolky or pigment material which does not react with the Champy-Kull stain, 
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and which does not separate out under the same centrifugal force in Lymnaea. 


Its position at the centrifugal pole would indicate that it is composed of the densest 
inclusions of the oocyte (Plate IIb; Fig. +4). In general there is less inter- 
ference with the migration of materials by the germinal vesicle in Physa than in 
Lymnaea, and when “trapping” of materials does occur, the obstructed mass is 
always smaller than that found in Lymnaea. 


Figure 4. Sketches based on camera lucida tracings of oOcytes of Physa fixed at different 
intervals following centrifugation. A, immediately following centrifugation; the centripetal 
pole (black) oriented toward the head of the page, and the small centrifugal band (probably 
pigment) oriented toward the foot of the page. B, one-half hour following centrifugation; C, 
one hour following centrifugation; D, six hours following centrifugation. Compare with Figure 
24 and B. 


One-half hour after centrifugation, the materials in the oocyte of Physa are 
fairly well redistributed. The broad, clear, hyaloplasmic band has completely dis- 
appeared; the osmiophilic concentration is rapidly breaking up into fragments 
which are migrating relatively freely through the cell. There is no evidence of the 
restricted subcortical migration noted in Lymnaea. The clear zone at the cen- 
trifugal pole has maintained itself, though it is, on the average, smaller (Fig. 4B). 
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One hour after centrifugation the dissociation of the clumped masses of black- 
ened material is nearly complete. A small area is still to be found near what was 
the centripetal pole, but no other concentrations of osmiophilic material are visible. 
There is no return of the darkened substance to its previous location near the 
vegetative pole as in Lymnaea but instead these granules or droplets show a 
uniform distribution throughout the cytoplasm. The clear unstained mass at the 
centrifugal pole of the odcyte has become definitely smaller and less distinct (Fig. 
4C). 

After six hours the odcytes of Physa show no evidence of the previous strati- 
fication. The materials have been uniformly redistributed and the visible animal- 
vegetal differentiation which characterized the odcytes prior to centrifugation has 
been eradicated. It is not regained in the odcytes of the gonads preserved twelve 
and twenty-four hours after centrifugation (Fig. 4D). 

The eggs of both species laid by the snails isolated after centrifuging were all 
collected, and their subsequent development was observed over a period of four 
weeks. In no case was any atypical cleavage or development found; nor did young 
snails on hatching show any differences in body symmetry from that observed in 
the normal animal. 

On the basis of the above observations, it is possible to draw certain conclu- 
sions concerning the odcytes of Physa and Lymnaea. We have seen first that the 
visible materials may be displaced without altering the developmental plan of the 
eggs. Second, the materials after being stratified, are redistributed rapidly and 
in the same sequence for each species. Hence we may postulate that some more 
basic organization or ground substance is present in the odcyte, as in the deposited 
egg. 

The variance in the manner of redistribution of materials in the two species 
strengthens the previous suggestion made on the basis of cytological observations 
of the normal oocyte, that the physical state of this ground substance differs in the 
two species. That in Lymnaea definitely seems more fixed and not as fluid as 
that in Physa. The “trapping” of relatively large masses of yolk behind the 
nucleus, the clearly defined peripheral path of migration of the osmiophilic material, 
the exact reconstruction of the picture found prior to centrifugation, all point to 
this fact. Physa not only shows none of these phenomena characteristic of 
Lymnaea but under equal centrifugal force the materials of the odcyte stratify into 
four zones instead of three, the densest inclusions separating out below the yolk 
in the centrifugal pole. Thus evidently, migration and separation is easier through 
the ground substance of Physa than of Lymnaea. 


Strupies WITH X-RAYS 


The constancy of the developmental pattern resident in the the ground sub- 
stance of the odcyte was next tested by exposure of adult snails, and hence their 
oocytes to X-rays. 

The snails were placed in small, flat, glass containers and submitted to X-radia- 
tion at dosages of 200 r., 500 r., and 1000 r.? Fifteen individuals of each species 


2In all runs reported, the X-rays were produced by a Coolidge type tube, having a water- 
cooled tungsten target. Dosage was continuous, and was administered at an approximately 
constant rate of 200 r. per minute. 
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were exposed at each value and were then isolated and observed at intervals. All 
egg capsules deposited after exposure to radiation were collected, placed in indi- 
vidual containers of pond water, and observed regularly throughout their subsequent 
development. 

At 200 r. no effect of radiation was evident, either in the behavior of the adult 
snails or in the development of the eggs recovered. This was the case in both 
Physa and Lymnaea. 

At 500 r. all of the individuals of Lymnaea exhibited a noticeable delay before 
any capsules of eggs were deposited. No eggs were recovered in any case prior 
to the fourth day after exposure. This was not true for Physa where capsules 
were recovered as early as twenty-four hours after the radiation of the adult snails. 

In both Physa and Lymnaea the usual number of eggs in each capsule initiated 
development, though there was some increase in the number of eggs which did not 
complete their full development. The defects in development appeared usually 
after gastrulation, about the time of trochophore formation or immediately after. 
As in the 200 r. group, all snails which hatched were phenotypically similar to the 
parents. 

At values of 1000 r. no egg capsules were recovered from either species. 

The above results parallel, to a large extent, observations of Dr. E. V. Enzmann 
(unpublished). In discussions of his X-ray studies on Planorbis trivolis, he re- 
ported no success in efforts to cause monsters or reversals in this species. He was 
unable to find any aberration in early cleavage or in the final body plan of the 
adult snail, even though he was able to recover eggs from snails subjected to higher 
dosages than 1000 r. 

It would therefore appear that the ground substance of the odcyte, unless the 
cell is actually destroyed by X-radiation, is not affected adversely by it, at least in 
terms of the fundamental factors necessary to institute cleavage and development 
through gastrulation. 


DISCUSSION 


A consideration of the results presented here in the light of reports by previous 
workers will readily bring out certain points worthy of special mention. 

In the first place, the contention of Raven and Bretschneider (1942) that the 
visible elements of the egg are of far greater importance to ontogeny than had been 
previously thought, would seem to be strengthened. The shifting of the osmio- 
philic materials in the odcytes of Physa and Lymnaea not only after centrifugation 
but also in the normal development fits in with Raven’s view that inclusions shift 
considerably during development, and that their presence or absence in given 
regions of the egg or developing embryo is of primary importance. It may be 
pointed out again, that the shift of the osmiophilic inclusions is always the same in 
the oocytes of the same species, while differing between species. This fact may 
well be tied in with the apparent differences in viscosity of the ground substance 
of the two species and is even more interesting when one considers that the cleavage 
pattern also differs, that of Lymnaea being dexitropic, while that of Physa is 
leiotropic. 

In continuing a comparison of results with those of previous workers, we find 
some disagreement in the section dealing with centrifugation. Conklin (1910) 
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and his contemporaries report that following centrifugation the eggs of fresh water 
snails and other invertebrates stratify into three zones; and oily centripetal, a 
clear hyaloplasmic, and a centrifugal yolky zone. Raven and Bretschneider, in 
contrast, report in Lymnaea a fourth zone (in their work the third zone) composed 
of mitochondria, or “a granules,” glycogen, and other inclusions, interposed be- 
tween the clear zone and the centrifugal yolky zone. 

The present report is in general agreement with Conklin and disagreement with 
Raven and Bretschneider. True, in Physa a fourth zone, not reported by Conklin, 
was found at the extreme centrifugal pole, but this is not of especial note since in 
these studies the odcytes were subjected to far greater centrifugal force than was 
used by Conklin. Hence some additional separation of pigment or other denser 
inclusions from the yolk might normally be expected. However in Lymnaea no 
trace of Raven and Bretschneider’s “fourth zone” between the clear and yolky 
bands could be found. This may be due in part to the fact that these workers in 
turn used somewhat higher values of centrifugal force than did the present writer. 
On the other hand, Raven himself reports that in certain of his preparations fixed 
in Champy fluid the “a granules” cannot be made out. This may rationalize the 
difference, since all of the preparations used in the present study were Champy 
fixed. Thus it is possible that the “fourth zone” was present but did not show up. 

Why Champy fixation does not demonstrate this zone is an interesting cytological] 
question. The works of Harvey (1936, 1938) using the eggs of echinoderms and 
of Clement (1938) using eggs of Physa certainly contribute good evidence in behalf 
of Raven’s suggestion that such a zone should be largely made up of mitochondria. 
Sut a Champy-Kull stain following Champy fixation should demonstrate mito- 
chondria. Raven and Bretschneider can offer no explanation for the discrepancy, 
nor is it possible for the present writer to do so on the basis of this study. 

Beyond this difference the results of the sections on centrifugation and X- 
radiation follow closely the findings of former workers, which demonstrated that 
the underlying pattern of the deposited egg cannot be altered by centrifugation or 
similar forces. In this respect the ovarian odcyte is evidently no different. 


SUMMARY AND CONCLUSIONS 


The developing odcytes of two species of fresh water snails, Lymnaea stagnalis 
and Physa gracilis, are studied cytologically and experimentally through the use 
of X-radiation and centrifugal force. As a result of the cytological studies, certain 
differences in the pattern of distribution of visible inclusions are pointed out. 
These are specific and constant within each species, but differ between species. 

The constancy of pattern within the ovarian odcytes was tested in both species 
by centrifuging entire snails. Displacement and stratification of the visible cellular 
inclusions in the odcytes was produced, but no aberrations in subsequent develop- 
ment resulted. It is concluded that a fundamental ground substance is present in 
the odcyte which is not affected by the stratification of visible inclusions. The 
manner in which the inclusions migrated from their artificially induced stratified 
locations was observed, and it is postulated that the ground substance of the odcyte 
of Physa is in a more fluid physical state than that of Lymnaea. 

Further tests on the constancy of pattern were made by exposure of snails of 
each species to varying dosages of X-radiation and study of the development of 
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eggs laid by them subsequently. It was found that as dosage increased there was 
a decrease in the number of eggs which were able to complete their embryonic de- 


velopment. No decrease was noticed, however, in the number of eggs which were 


able to initiate their development. It is concluded that the cytoplasmic pattern or 
ground substance inherent in the odcyte is unaffected by X-radiation of dosage 
values below killing intensity 
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THE RELATION OF BLOOD OXYGEN TRANSPORT TO RESISTANCE 
TO ANOXIA IN CHICKS AND DUCKLINGS? 
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Departments of Physiology and Pharmacology and Pathology, School of Medicine, 
University of Arkansas, Little Rock, Arkansas 


The relatively greater resistance of the new-born and young animals to complete 
anoxia in comparison with that of the adult animal has been studied by Himwich 
et al. (1941) who have advanced the hypothesis that differences in the aerobic and 
anaerobic energy release in the young and adult brains are the probable cause of 
the differences in resistance to anoxia. The newborn and young of many species 
of animals have been exposed to 100 per cent N.,, He, and CO, and have proved 
to be remarkably resistant to complete anoxia in comparison to older individuals 
of the same species (Fazekas et al., 1941). Since there is a total lack of oxygen 
in the blood stream under conditions of total anoxia and since the brain is the 
organ most susceptible to anoxia the oxygen requirement of the brain of newborn 
and young animals has been studied in comparison to the energy requirement of 
the brain of older animals of the same species in order to find some possible basis 
for the greater resistance of the young and newborn to anoxia. Himwich et al. 
(1941) and Chesler and Himwich (1944) have demonstrated that the anaerobic 
energy release in the brain of the newborn is relatively greater, in proportion to 
the total energy requirement of the brain, than in older individuals of the same 
species. After birth there is a rapid increase in energy requirement as measured 
by the amount of respiration carried on in the brain (Tyler and von Harreveld 
1942). This increase is met, chiefly, by increase in the aerobic energy release. 
In the newborn the total energy requirement is low and a relatively larger propor- 
tion of the requirement is met by anaerobic energy release. The survival of the 
newborn and young under conditions of total anoxia is adequately explained on 
the basis of the relatively great anaerobic energy release in the brain of the young 
and newborn compared to the total energy required by the brain at this stage of 
development to maintain the functional integrity of the organism. 

Although Quastel and Wheatley (1932) demonstrated differences in the en- 
ergy requirement of surviving brain slices of cat and rat brains—the rat brain had 
a higher energy requirement as evidenced by greater oxygen consumption of sur- 
viving brain slices—the possibility remains that in the adult animal species differ- 
ences in survival at high altitude under conditions of incomplete anoxia may be 
explained, in part, on several bases beside differences in brain metabolism. One 
of these factors is differences in oxygen transport by the blood. 


1 This work was supported by a grant from the John and Mary R. Markle Foundation to 
the Pathology Department. The anti-coagulant used in these experiments was “Lequaemin” 
supplied by Roche-Organon Inc., Nutley, New Jersey. Some of the chicks used in these ex- 
periments were given to the University of Arkansas by the Arkansas Hatchery, Little Rock. 
Arkansas. Research paper 595, Journal Series, University of Arkansas. 

* Now at Department of Physiology, Indiana University, Bloomington. 
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Rostorfer and Rigdon (1945) were able to show that malarial infection greatly 
reduced survival time of ducks and chicks at simulated high altitude. The effect 
of a severe malaria infection on the survival time was marked by the third day 
after the birds had been inoculated with the malarial organism. At this time there 
was only a small percentage of red cells infected, but a shift in acid-base balance 
and a reduction in the oxygen carrying capacity were developing. In the study 
of the effect of malaria on survival of birds at high altitude a specific difference in 
resistance to high altitude anoxia between ducks and chicks was reported. This 
difference in resistance was still evident on the third day after inoculation with 
malaria, although there was decreased resistance in each case. 

These earlier experiments suggested to the authors that specific blood differ- 
ences might be related to the specific resistance to anoxia in the case of young 
ducks and chicks. Accordingly, a study was made of the oxygen capacities, the 
oxygen dissociation curves, the amounts of hemoglobin present in blood of young 
and adult ducks and chickens in relation to their resistance to anoxic anoxia. 


MATERIALS AND METHODS 


White Pekin ducks and chicks of mixed breed, obtained from a commercial 
hatchery, between 3 and 21 days old were subjected to continuous decompression 
until convulsions and death occurred in a decompression chamber as previously 
described by Rostorfer and Rigdon (1945). Five to ten birds of the same age 
and species were observed during one decompression. In all experiments the rate 
of decompression was approximately the same with only a slight variation. The 


rate during the first four minutes of simulated ascent was between 1,700 and 1,800 
feet per minute, between 700 and 900 feet per minute during the next 15 minutes, 
and 400 feet per minute during the next 40 minutes. After reaching a simulated 
altitude of 38,000 feet the rate of climb was such that during the next 12 minutes 
the altitude increased to only 40,000 feet. The altitude was recorded every 4 
minutes during the decompression. These data were plotted against time and the 
total area under the resulting curve up to the time of death of the bird was calcu- 
lated for each bird. The total area under the curve may be taken to represent the 
resistance of the bird to anoxia. The unit of resistance was expressed as the alti- 
tude in feet times the duration in minutes and was expressed as foot-altitude minutes. 

Ducklings and chicks in groups of 7 to 12 individuals the same age were placed 
in the tank and decompressed until they were dead in the manner described. The 
ages of the various groups were 3, 6, 10, 15, and 20 days old. The average re- 
sistance to incomplete anoxia at simulated high altitude was obtained by analysis 
of data found by decompressing several age-groups of birds of each species. The 
number of birds in each separate decompression was determined by the size of the 
individuals. 

Blood samples were obtained by heart puncture from 3 to 4 ducks or 6 to 12 
chicks of the same age and pooled. Coagulation was prevented by adding 1 ml. 
of a 1 per cent solution of the sodium salt of heparin to each 9 ml. of blood. All 
red cell counts and hemoglobin and gas analyses were carried out on the pooled 
samples. 

Oxygen capacities were determined by analysis of blood equilibrated in Barcroft 
tonometers with air at 38° C. Analyses were made by means of the Van Slyke 
manometric apparatus. 
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Oxygen dissociation curves were calculated for the pooled samples by equi- 
librating blood at a constant CO, tension of 31 mm. Hg and at varying oxygen 
tensions. Three gas mixtures were used containing 3.4, 7.44, and 11.86 per cent 
oxygen which corresponded to oxygen tensions of 24 + 0.5, 53 + 0.5, and 83 + 0.5 
mm. Hg, respectively. . Analyses carried out on blood equilibrated at these three 


oxygen tensions gave data from which the oxygen dissociation curves were calcu- 
00 Kx" 


> pn ’ 


lated by the use of the formula y = when the oxygen capacity of the 


blood was known (Hill, 1910). 

Hemoglobin determinations were made on each pooled sample by the use of 
the Schulte and Elvehjem (1934) colorimetric method. Hemoglobin was deter- 
mined, also, by calculation from the oxygen capacity. These data indicate the 
amount of functional hemoglobin. 

Cell counts were made in the usual manner on the pooled blood and the color 
indices were calculated by dividing the grams of hemoglobin calculated from the 
oxygen capacity by the total red cell counts. 


RESULTS 


In order to determine the specific resistance of young and adult ducks and 
chickens to the incomplete anoxia produced at simulated high altitude a series of 
decompression experiments were carried out in the manner described. The data 
represented by Figure 1 show the decreasing resistance to anoxia with increasing 
age. The three-day old birds of both species had the greatest resistance. There 
appeared to be no change in resistance between the 15- and 20-day old birds in 
either species. There was, however, definitely greater resistance in the duck than 
in the chick at all ages compared. Adult birds were not studied but there are 
reasons to assume that the adult duck would be more resistant to anoxia than the 
adult chicken. 

These data indicate that the newly hatched and young birds of the same species 
are more resistant to incomplete anoxia produced at simulated altitude. This cor- 
responds to the resistance of young and newborn mammals studied by Himwich 
and others. The data indicate, also, a specific difference in resistance to incomplete 
anoxia between ducks and chicks. Ducks 20 days old decompressed in the usual 
manner succumbed at altitudes between 34,000 and 36,000 feet, while chicks 20 
days old were all dead at 27,000 feet when the decompression was at the same rate 
as that for the ducks. 

There is little doubt that specific differences in oxygen capacity and color index 
exist among animals. This difference might possibly bear some relation to re- 
sistance to anoxia. The oxygen capacities and color indices were determined for 
all blood samples. Determination of oxygen capacities of duck and chick blood 
revealed that the duck blood had considerably greater oxygen capacity. Duck 
blood from 20-day old birds had an average oxygen capacity of 12.27 volumes per 
cent. Chick blood from birds the same age averaged only 10.47 volumes per cent. 

The color indices of the 20-day old duck varied around 3.6 x 10°. Rostorfer 
and Rigdon (1946) found that the color indices gradually increased with age of 
the young ducks. The color index of chicken blood is approximately 3.1 x 10-™ 
and there seemed to be no increase in the color index with age as in the duck. The 
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color index of blood taken from the adult chicken was 3.3 x 10°". There was an 
appreciable difference in total red cell counts between the duck blood and the chick 
blood. The average count for the pooled blood of the chick was 2.2 million and 
the average count of the pooled blood of the duck was 2.6 million per cubic milli- 
meter. 

The chick blood in comparison to the duck blood had fewer red cells, decreased 
color index, and lower oxygen capacity. 
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Figure | is a graphic representation of the data on the study of relative resistance of chicks 
and ducks to simulated altitude. Resistance is expressed in feet of altitude times the duration 
at altitude in minutes. Each age group represents the average data of 10 to 20 ducks or chicks. 


A considerable difference between the amount of hemoglobin determined colori- 
metrically and that calculated from the oxygen capacity was found for young and 
adult ducks by Rostorfer and Rigdon (1946). A similar study was carried out 
on young and adult chicks. The comparison is made in Figure 2 which represents 
the relationship between the amount of hemoglobin determined colorimetrically and 
the amount of hemoglobin calculated from the oxygen capacity. The linear ex- 
pression was obtained by determining the amount of hemoglobin colorimetrically 
and by calculation from the oxygen capacity of a diluted, a normal, and a concen- 
trated sample of the same pooled blood. Cell counts of the three samples, dilute, 
normal, and concentrated, were made and the color index of each determined. 
There was usually close agreement between the color indices of the three samples. 
The young chicks and ducks carry less oxygen per gram of hemoglobin than the 
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adults based on the colorimetric hemoglobin. There was a slower shift toward the 
adult relationship with increasing age in the duck than in the chick. Thirty-day 
old chicks were found to have hemoglobin which corresponded to that found in the 
hen. The linear relation between oxygen capacity and the acid hematin of the 
adult chicken blood was the same as that of the young duck. 
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Ficure 2 is a graphic representation of the relationship of the amounts of hemoglobin calcu- 
lated from the oxygen capacity in comparison to the amount of hemoglobin determined by 
photo-electric colorimetry in the blood of young (4) and adult (B)} domestic ducks and chickens. 


The equilibrium between hemoglobin of bird blood and oxygen at various oxygen 
tensions has been investigated by Wastl and Leiner (1931) whose work indicated 
that blood of the duck and of the pigeon does not have typical oxygen dissociation 
curves. Redfield (1933) points out that such curves for blood containing hemo- 
globin had not been described previously but were characteristic of the blood of 
invertebrates. Christensen and Dill (1935) were not able to confirm the work 
of Wastl and Leiner, but found that the blood of ducks and other birds developed 
equilibria between hemoglobin and oxygen in the classical manner except at very 
low oxygen tensions. This discrepancy they attributed to a systematic error of 
equilibration. Rostorfer and Rigdon (1946) found considerable difference be- 
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tween the dissociation curves for young and adult ducks. The blood of the adult 
birds gave a typical sigmoid curve while that of the young ducklings had a greater 
oxygen uptake at lower oxygen tensions than would be indicated by calculation 
from points of equilibrium at higher oxygen tensions. However, the deviation 
was slight. 

Bloods of young and adult chickens were investigated in similar manner. Fig- 
ure 3 compares the oxygen dissociation curves of adult ducks and chickens. There 
was a considerable difference between the oxygen uptake of the blood of the 
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Ficure 3 compares the oxygen dissociation curves for the adult duck and chicken at a CO, 
tension of 31 mm. Hg. 


adult duck and the adult chicken at various oxygen tensions. The adult duck 
blood had about the same percentage of saturation at ordinary oxygen tensions 
but was capable of carrying a larger amount of oxygen than chick blood at low 
oxygen tensions. 

Figure 4 compares the dissociation curves of the blood of the adult and of the 
young chicken. Although the curve for the blood of the young chick represents 
the data obtained from one sample of pooled blood only, it is reasonable to assume 
that it is representative. In general, the blood of the young chick appeared to 
have a greater percentage of saturation at all levels of oxygen tension than the 
blood of the adult chicken. In contrast to the blood of the adult duck, the blood 
of the young chick had a higher percentage of oxygen saturation at higher oxygen 
tens‘ons but a slightly lower per cent of saturation at low oxygen tensions. 

In general, the blood of the duck in comparison to chicken blood had greater 
oxygen capacity, contained more functional hemoglobin, and showed less dis- 
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crepancy between the colorimetric hemoglobin and the hemoglobin calculated to be 
present from the oxygen capacity. Duck blood had a larger number of cells and 
a higher color index than chicken blood. The chemical behavior of duck blood 
in comparison to chicken blood, as regards the oxygen dissociation curves, indi- 
cated that the duck blood would be more efficient in the transport of oxygen under 
conditions of incomplete anoxia. The blood of the duck in comparison to that 
of the chick would appear to be more capable of maintaining the brain and other 
vital organs in a viable condition for a longer time under conditions of simulated 
high altitude and resulting anoxia. 
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Figure 4 compares the oxygen dissociation curves of young and adult chicken blood at a CO, 
tension of 31 mm. Hg. 


It is not unreasonable to assume that some of the difference in specific resistance 
to anoxia of the duck and the chick is caused by the greater efficiency of the blood 
of the duck at low oxygen tensions. However, a study of the anaerobic and 
aerobic energy release compared to the total energy requirement of the brain of 
the two species in question has not been made as yet. One might well assume 
that there are specific differences in brain metabolism. 


SUMMARY 


A study of the resistance of ducks and chicks to incomplete anoxia produced 
at simulated altitude is reported. The newly-hatched and young birds had greater 
resistance than older birds. The duck was found to be more resistant than the 
chick to incomplete anoxia at all ages studied. 
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A study of the oxygen carrying capacities, total red cell counts, color indices, 
the amount of hemoglobin, and the oxygen dissociation curves of the blood of the 
duck and the chick is reported. 

The blood of the duck has greater oxygen capacity, higher total red cell count, 
higher color index, more hemoglobin and a higher percentage of saturation of the 
blood with oxygen at low oxygen tension when compared with blood of the chicken. 
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INTRODUCTION 


The food-vacuole has been more extensively studied in Paramecium than in any 
other organism. There is, however, still much diversity of opinion concerning the 
processes involved in its formation and movement and in the changes that occur in 
it. These phenomena will be considered in the following pages. 


MATERIAL AND METHODS 


Four species of Paramecium * were used in the following observations, namely, 
caudatum, multimicronucleatum,® aurelia, and trichium. All the specimens used 
were obtained from pure cultures maintained in the laboratory. 


1T am indebted to Dr. W. J. Bowen for very efficient assistance in some of this work, and 
to the artist John S. Spurbeck, for expert service concerning the figures. 
2 Dr. D. H. Wenrich very generously identified the species used. 
3 The name “multimicronucleatum” is so long and unwieldy that the abbreviation, nucleatum, 
will hereafter be used in place of it. 
31 
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Paramecia are usually so active that it is very difficult to study them under high 
magnification. Various methods have been used to quiet them, e.g., addition of 
narcotics (Bills, 1922), addition of yeast-cells stained with congo red (Buck, 1943), 
increase in viscosity (Marsland, 1943; Moment, 1944; and others). All these 
methods and also reduction in temperature were tried. The best results were ob- 
tained with the second method and some modifications of it. 

It was found that locomotion can readily be stopped without apparent injury by 
means of narcotics or by increasing the viscosity of the culture fluid, but that when 
locomotion ceases under these conditions, feeding does also. It was also found that 
while movement decreases greatly with decrease in temperature, it does not decrease 
sufficiently to make observation under high magnification practicable until after the 
paramecia have been actually frozen and killed. 

Nearly all the observations were made on preparations made as follows: A drop 
of solution containing numerous paramecia from a young, vigorous culture was 
mounted between two small ridges of vaseline on each of several slides. Yeast-cells 
stained with congo red (Buck, 1943) were added to some, chinese ink or carmine to 
others, and an abundance of zooglea and a little neutral red or nile blue to still others. 
Then all were covered with cover-glasses and sufficient fluid removed from some to 
flatten the paramecia considerably. All the preparations were kept in a damp 
chamber when not under observation. 

The paramecia in these preparations usually lived for several days. They were 
very active at first but they soon became quiet, although it sometimes required 24 
hours or more, and in some of the preparations they became so quiet that given 
individuals could be studied continuously for several minutes, even under an oil- 
immersion objective. Nearly all the quiet paramecia, even those which had been 
flattened, fed vigorously. In some of these, especially those which were flattened, 
the structure of the feeding apparatus, the activity of the cilia and the movement of 
particles in it, and the formation of the food-vacuoles could be clearly seen. 

It was found that the paramecia from young, rapidly growing cultures become 
quiet much more readily than those from old declining cultures. This is doubtless, 
at least in part, due to difference in the hydrogen-ion concentration of the cultures. 
At any rate, it was observed that if a trace of alkali is added to fluid from young 
cultures the activity of the paramecia in it increases greatly and that if a trace of 
acid is added to fluid from old cultures the activity of the paramecia in it decreases. 


THE FEEDING APPARATUS 


Numerous observations were made on the feeding apparatus in the four species 
of Paramecium listed above. The following conclusions were reached: The feeding 
apparatus is essentially the same in structure in the four species studied. It con- 
sists of a shallow ciliated groove (the oral groove) which extends from the an- 
terior end to slightly beyond the middle of the body, a ciliated depression (the vesti- 
bulum) at the posterior end of the groove, a ciliated tube which extends from an 
opening in the floor of the depression (the mouth) backward into the body, and some 
fibers which extend from the distal end of the tube toward the posterior end of the 
body. 

The tube is called pharynx by some, cytopharynx, gullet or esophagus by others, 
and a portion of it pharynx and the rest esophagus by still others. I shall call it 
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pharynx. The pharynx can be seen distinctly in living specimens. It extends from 
the mouth directly toward the center of the body a short distance, then turns back- 
ward sharply and proceeds parallel with the surface of the body for some distance, 
then turns sharply again but nearly at right angles to the first turn and ends almost 
immediately in an elliptical opening which leads into the forming food-vacuole which 
I shall designate “esophageal sac” (Fig. 1). 


A B 


Ficure 1. Camera outline of Paramecium aurelia showing the feeding apparatus and its 
relation to the rest of the body. A, oral groove and mouth facing upward; B, oral groove and 
mouth facing to the right; O, oral groove; M, mouth; V, vestibulum; EO, esophageal opening ; 
P, pharynx; ES, esophageal sac; EF, esophageal fibers. 


Nirenstein (1905) and others maintain that the mouth is a fixed oval opening. 
But Frisch (1937) says it “is a narrow slit bounded by a raised, thickened border 
in the form of an elongated oval, somewhat like lips” and that it is sometimes closed. 
His observations were made on an exconjugant individual, beginning immediately 
after it had separated from its mate and continuing for one and one-half hours. I 
have seen the mouth under the oil-immersion objective in many individuals under 
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various conditions but not in any immediately after conjugation. In all these, the 
mouth was continuously distinctly oval in outline, and I did not see any indication of 
change in form or size. It may well be that the phenomena observed by Frisch 
occur only for a few hours after conjugation. 

If a paramecium is so oriented under the cover-glass that the anterior end is 
directed from the observer and the oral groove is to the left and faces upward, one 
can see down through the mouth into the proximal end of the pharynx and one can 
see the esophageal sac extending at right angles from the opening at the distal end. 
If the paramecium now rotates on its longitudinal axis 90° to the left, one can see the 
sharp curve in the pharynx at the proximal end and one can see down through the - 
esophageal sac into the distal end of the pharynx. A more distinct view of this sac 
(the forming food-vacuole) is, however, obtained when the oral groove is to the 
right and faces downward, for the distal end of the pharynx is now nearer the upper 
surface of the body (Fig. 1). 

The esophageal sac consists of a thin elastic membrane which separates the con- 
tent of the sac from the cytoplasm. It changes greatly in form and size as the food- 
vacuole develops. 

The inner surface of the pharynx contains numerous cilia. This can be Seen 
clearly in living specimens, but no details can be made out concerning their ar- 
rangement or their size or their action, except at the distal end where a number of 
long cilia can be seen to beat vigorously into the forming food-vacuole. 

Gelei (1934) found, in observations on fixed and stained paramecia, that there 
are in the pharynx two bands of cilia and that one of these bands, the “penniculus”, 
extends from the anterior left edge of the pharynx nearly to the posterior oral edge 
and the other (called “Vierermembran”) from the anterior aboral edge to the pos- 
terior oral edge. He maintains that the former usually contains eight rows of short 
cilia and the latter four rows of long cilia which at the distal end of the pharynx ex- 
tend into the forming food-vacuole. Lund (1933, 1941) agrees with Gelei in refer- 
ence to the composition, the location and the extent of the former and the com- 
position and the location but not the extent of the latter. He holds that the latter 
does not extend to the distal end of the pharynx but that there is at this end a “pouch” 
which contains a “heavy tuft of cilia.” 

The results of my observations are in full accord with Gelei’s contention. I 
could not see anything that resembled a pouch at the end of the pharynx, but I 
could see distinctly long cilia at this end, which extended into the forming food- 
vacuole. These however, clearly appeared to be at the end of the “Vierermembran” 
not in a partially separated pouch (Fig. 2). 

Bozler (1924) maintains that there are attached to the right wall of the pharynx 
about half-way up, some ten long fibers which extend nearly to the posterior end of 
the body, and that these fibers are fixed in position, fairly rigid and in the same 
plane. He calls them “Schlundfaden” and says similar fibers occur in other proto- 
zoa and that Schuberg (1890) first discovered them in observations on Stentor. 

Gelei (1934) and Lund (1933, 1941) confirm Bozler in reference to the presence 
of long fibers attached to the pharynx in Paramecium but they do not agree with 
him in the contention that the fibers are fixed and in one plane. Gelei holds that 
they are attached to the “right wall” of the pharynx but near the proximal end and 
that they are not all in one plane. Lund maintains that they are attached near the 
distal end of the pharynx on all sides and are not fixed. He says (1933, p. 55): 
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Ficure 2. Camera outline showing the structure of the feeding apparatus in Paramecium 
aurelia. A and B, two views, one at right angles to the other. O, oral groove; V, vestibulum; 
M, mouth; P, pharynx; EO, esophageal opening; ES, esophageal sac; EF, esophageal fibers; 
PE, penniculus; /M, “Vierermembran”; Y, yeast-cell; L, a large particle; S, surface of the 
body ; broken lines, paths taken by particles during the process of feeding; arrows, direction of 
movement. 

The cilia which project into the esophageal sac from the end of the pharynx are doubtless 
part of the “Vierermembran.” There are, of course, many more than are represented. 
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“Frequently in stained animals they are wrapped almost around the food vacuoles. 
In the living animal they can be observed only a short way beyond the gullet, but 
certainly not all in one plane and are capable of some movement. All morphologi- 
cal evidence points to a lax condition of these fibrils, with their distal ends free.” 
He calls them “postesophageal fibrils”. 

Lund maintains that there are also “five or more heavy fibrils” which extend 
from their attachment at the anterior edge of the opening at the distal end of the 
pharynx, to the posterior edge where each ends in a “large granule” but that they can 
not be seen in living specimens. The larger granules, Lund thinks, are part of the 
neuromotor system. He calls these fibers “paraesophageal fibrils”. 

[ have made extensive observations on numerous living specimens of the four 
species of Paramecium listed above, concerning fibers attached to the pharynx. 
Some of the observations were made on specimens which had been greatly com- 
pressed under the cover-glass, others on specimens stained with various vital dyes 
and still others on specimens in various stages of inanition. All were made with the 
highest grades of optical and illuminating systems (Mast and Bowen, 1944). 

I could not see any fibers across the distal opening of the pharynx in any of the 
specimens studied, but in a few I could see several fibers which appeared to ex- 
tend posteriorly from this end. I could not, however, make out any details as to 
their attachment or their length. This indicates that the index of refraction of these 
fibers is very nearly the same as that of the cytoplasm in which they are imbedded 
and that in this respect they differ from those found in the Peritricha for in 
these organisms they can readily be seen in the living state (Mast, 1944; Mast and 
Bowen, 1944). 


THE FoRMATION OF THE Foop-VACUOLE 


Paramecia ordinarily do not ingest anything when they are swimming actively 
(Mast and Lashley, 1916). When they are at rest or are swimming slowly in con- 
tact with a solid surface, the oral cilia produce a current down the oral groove into 
the vestibulum. This current contains in suspension all sorts of small solid par- 
ticles many of which are carried into the vestibulum, but most of these are im- 
mediately carried out again. The rest pass through the mouth into the pharynx; 
some of these are thrown back out again, the rest and some fluid pass through the 
pharynx into the esophageal sac. Here the fluid with the particles in suspension 
usually rotates rapidly, and as more and more substance enters the sac, the particles 
in it become more concentrated and the sac becomes larger, and finally a portion of 
it separates from the pharynx as a full-fledged food-vacuole. All these phenomena 
can be seen readily and there is little disagreement concerning them; there is, how- 
ever, marked diversity of opinion concerning the processes involved. These will 
be considered in detail under several headings in the following pages. 


Selection of particles. 

Metalnikow (1907, 1912) concludes that while paramecia ingest all sorts of small 
particles they take more of those which are digestible than of those which are not. 
This conclusion is supported by Bozler (1924), Losina-Losinsky (1931), Bragg 
(1936a, 1939), and others. It is consequently fairly certain that paramecia can 
differentiate between various small particles. There is, however, little known con- 
cerning the factors involved. 





FOOD-VACUOLE IN PARAMECIUM 37 


Bozler (1924) maintains that selection is usually made at or near the entrance 
to the pharynx by the response of individual cilia to contact with particles which 
have been carried into the vestibulum by the oral current, i.e., that if a particle comes 
in contact with’a cilium, the cilium responds either by throwing the particle into the 
pharynx or into the outgoing current, depending upon the physical characters of 
the particle. He says (p. 189): “Man ersieht . . . dass das Hineinbefordern der 
Nahrungsteilchen nicht durch ein planmassiges Zusammenwirken der Cilien ge- 
schieht, sondern dass jede Cilie auf Grund der Reize reagiert, die sie direkt von dem 
Nahrungskorper erhalt.” He maintains, however, that particles which have en- 
tered the pharynx are sometimes forced back out, even after they have nearly reached 
the distal end, but that this occurs only if the particles are large enough to fill the 
lumen of the pharynx. Bozler’s contention that selection in Paramecium is de- 
pendent upon physical properties is supported by Schaeffer (1910) in observations 
on Stentor. Nelson (1933), on the contrary, presents convincing evidence that 
selection, in at least some ciliates, is dependent upon chemical properties. 

Losina-Losinsky (1931) holds that discrimination between particles depends 
upon the action of cilia controlled by a central coordinating system, rather than upon 
the direct response of individual cilia to contact with the particles and that the 
stimulating agent is chemical rather than physical. He holds that acceptance of a 
particle is essentially the result of a chemopositive response and rejection to that of 
a chemonegative response. 

I made numerous observations on the movements of particles in the feeding ap- 
paratus of Paramecium caudatum, P. nucleatum, and P. aurelia. Most of these 
observations were made under the oil-immersion objective with specimens variously 
oriented (Fig. 1). Some of the specimens were in culture fluid which contained 
numerous bacteria and various other solid particles and others were in culture 
fluid to which chinese ink, carmine, wheat starch and yeast-cells stained with congo 
red had been added respectively. No difference was observed in the three species 
studied. 

When the paramecia were actively feeding, many particles of all sorts found in 
the surrounding medium were carried into the vestibulum, but only a small propor- 
tion of these passed on through the mouth into the pharynx. The rest passed out 
again—some immediately, some not until after they had circulated around in the 
vestibulum for a time. Nearly all the particles which entered the pharynx were 
small. A few of those and all the larger ones which entered, passed rapidly on 
into the esophageal sac without any indication of retardation on the way. The rest 
immediately after they had passed through the mouth, plunged, one at a time, into 
the band of cilia (the “Vierermembran”) on the the aboral wall of the pharynx. 
Here they stopped a moment and then either passed back out through the mouth 
and the vestibulum or directly on into the esophageal sac (Fig. 2B). 

It consequently seems to be the cilia in the “Vierermembran” near the proximal 
end of the pharynx which, after momentary contact, either throw the particles back 
out of the pharynx or down toward the esophageal sac. I have no evidence which 
indicates what it is that decides the fate of these particles after they have come in 
contact with these cilia. I have seen many stained, dead yeast-cells of all shapes 
and sizes rejected after they had come in contact with them and I have seen many of 
the same shapes and sizes accepted. There appeared to be neither rhyme nor 
reason in the process under these conditions. 
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The results presented indicate, therefore, that selection among the larger par- 
ticles takes place in the vestibulum and selection among the smaller ones in the prox- 
imal region of the pharynx and the vestibulum; but they do not illuminate the 
problem concerning the nature of the stimulating agent involved in the selection of 
either. 

Some of the particles ingested were surprisingly large. Several specimens of 
Chilomonas paramecium, 18 » long and 10 » wide, and starch grains, 16» in diam- 
eter, were seen to pass through the pharynx into the esophageal sac (Fig. 2). Boz- 
ler (1924) also found that paramecia sometimes ingest extraordinarily large par- 
ticles. He found starch grains 11 in diameter in the food-vacuoles. The inges- 
tion of particles as large as these requires great extension of the pharynx, for it 
usually is, in the smallest region, only five to seven micra in diameter. This shows 
that the pharynx is far from being as rigid as it appears to be. 

Bills (1922) and Bozler (1924) maintain that particles are often rejected after 
they have passed well on down the pharynx, sometimes nearly, if not quite, to the 
esophageal sac. They consequently imply that selection of food may take place any- 
where in the pharynx. Lund (1933, 1941) seems to hold that the particles which 
have entered the pharynx collect in front of a sort of fibrous screen at the mouth of 
the esophageal sac and then gradually slip through “one by one” into it and that 
selection takes place here, at least in part. 

I have seen hundreds of particles of all sorts pass through the pharynx into the 
esophageal sac under various conditions, but I have never seen one rejected after 
it had passed beyond the first bend in the pharynx; nor have I ever seen any indi- 
cation of decrease in the rate of movement between this bend and the sac. 


The enlargement of the esophageal sac and the increase in the concentration of 
particles in it. 


When a food-vacuole forms by constriction of the esophageal sac, a portion of the 
sac remains as a membrane over the distal opening of the pharynx. This membrane 
bulges slightly out into the cytoplasm and thus forms a shallow new esophageal sac. 
If there is active ingestion, this shallow sac rapidly becomes deeper and finally nearly 
spherical in form. It contains relatively much fluid and few particles at first, but 
as it increases in size the concentration of particles increases (at first slowly then 
more and more rapidly) until the sac often appears to be almost filled with them. 
The long cilia which extend from the end of the pharynx into the sac beat vigorously ; 
this causes the particles in the sac to vibrate actively and its entire content to ro- 
tate. Rotation usually continues until the sac is closed; but sometimes it ceases 
long before the sac is closed and then only those particles vibrate which are in close 
contact with the cilia at the mouth of the sac. This is doubtless due to increase in 
the viscosity of the fluid in the sac. The quantitative relation between fluid and 
solid particles in the newly formed food-vacuole varies very greatly. Under some 
conditions the vacuole appears to be entirely filled with fluid, no particles whatever 
being visible even under the highest magnification, while under others, as stated 
above, it appears to be almost entirely filled with particles. 

Butschli (1889) and Horning (1926) contend that the content of the pharynx is 
in direct contact with the cytoplasm, i.e., that no membrane intervenes at the distal 
opening and that the droplets (vacuoles) which pass from the pharynx into the 
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cytoplasm are surrounded merely by a surface film. Buitschli seems to think that this 
continues, but Horning holds that in the cytoplasm, membranes form at the surfaces 
of the droplets. Gelei (1934) concludes that the content of the pharynx is separated 
from the cytoplasm by a definite membrane which persists as the esophageal sac en- 
larges, and that this membrane is porous; for he observed in stained whole mounts, 
that the cytoplasm adjoining it was strongly stained, whereas that adjoining the 
pellicle at the surface of the body and that adjoining the wall of the pharynx was 
only slightly stained, if at all. 

Nirenstein (1905) maintains that the cytoplasm exerts suction (“eine Art Saug- 
wirkung”’) on the esophageal sac, and that this causes the sac to enlarge very rapidly 
to its maximum size and fill with fluid containing but few particles, and he thinks 
that the cilia in the pharynx then force more particles into the sac and that this causes 
the observed increase in their concentration. That is, he seems to hold that the 
cilia come in direct contact with the particles and force them through the fluid in the 
pharynx and finally into the sac. 

Biitschli (1889), Bozler (1924) and others maintain that the enlargement of the 
esophageal sac is due to pressure of fluid forced into it by the action of the pharyn- 
geal cilia. They consequently do not agree with Nirenstein in reference to the cause 
of the enlargement, but they appear to agree with him in reference to the process in- 
volved in the concentration of particles. Bozler describes this as follows: A drop 
consisting largely of water (“ein Wassertropfen’’) is first formed; then solid par- 
ticles are forced into it by the cilia in the pharynx (“hereingestrudelt”) and whirled 
about by those which project from the end of the pharynx into the drop. After the 
drop has become nearly filled with particles these cilia rotate its content and press 
the particles together so as to get as many in as possible. 

All the investigators referred to obviously hold that when the esophageal sac 
begins to enlarge almost nothing but water enters, that this continues until it has 
nearly, if not entirely, reached maximum size and that after this almost nothing but 
solid particles enter. This would account for the observed increase in the concen- 
tration of solid particles in the esophageal sac, but it is difficult to understand why 
the cilia in the pharynx should at first transport mainly water and later mainly solid 
particles. 

Lund (1933) agrees with Biitschli and Bozler in reference to the cause of the 
enlargement of the esophageal sac, but he thinks that “paraesophageal fibrils” at 
the mouth of the sac are involved in the concentration of particles in it. He says 
(1933, p. 54) : “Food material collects as it reaches these fibrils, so it is probable 
that they too aid in the concentration of food particles into the vacuoles” and (1941, 
p. 564) “Here particles of all sizes are trapped in the paraesophageal fibrils, while 
most of the fluid material presumably circulates back into the pharyngeal cavity. 
One by one the particles of food slip through the paraesophageal fibrils, and arrive 
in a growing bulge (the future food vacuole) on the dorsal side of the pharynx.” 

Lund found in section of paramecia, some particles which appeared to have been 
entangled in fibrils at the mouth of the esophageal sac. This led to the conclus- 
ions quoted above. I have, however, as previously stated, been unable to see in 
living paramecia any indication of an aggregation of particles at the mouth of the 
sac or cessation of movement of individual particles in this region. Nor have I been 
able to find any indication of backward circulation of fluid in the pharynx. The 
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particles observed by Lund among fibrils at or near the mouth of the sac may well 
have been deposited there by the microtome knife in sectioning the organisms. 

It seems to me to be perfectly obvious that the cilia in the pharynx force fluid 
with particles in suspension into the esophageal sac and that it is this that causes the 
enlargement of the sac as Biitschli, Bozler and others maintain. But I could not 
observe any change in the concentration of the particles in the fluid forced into the 
sac, during its enlargement, i.e., I did not obtain any evidence indicating that the 
concentration was at first low and later high as Bozler’s view demands. What 
then causes the observed increase in concentration ? 


Discussion 


Nirenstein (1905) maintains that after the food-vacuole has been formed and 
has left the pharynx it rapidly decreases in size and that this is due to loss of fluid. 
These contentions have been abundantly confirmed. The membrane around the 
food-vacuole is therefore pervious to water, and the loss of water, which causes the 
vacuole to decrease in size, is doubtless due to excessive external osmotic concen- 
tration and inward pressure of the stretched vacuolar membrane (Mast and Bowen, 
1944). 

If this is true, water must be continuously forced out of the esophageal sac dur- 
ing its enlargement, i.e., during the formation of the food-vacuole, for the factors in- 
volved in the loss of water from the fully formed food-vacuole function continuously 
during its formation. And since no solid particles leave during this time, it is ob- 
vious that this would result in increase in their concentration in the forming vacuole. 
But it does not account for the apparent observed increase in the rate of their con- 
centration as the sac enlarges. 

The difference between internal and external osmotic concentration is doubtless 
practically constant during the enlargement of the esophageal sac, as is also the 
pressure of the fluid against its inner surface, caused by the action of the cilia in the 
pharynx. The rate of outflow of water per unit area of membrane at the surface of 
the sac (provided there is no change in its permeability) is therefore practically con- 
stant ; but since this area increases as the sac increases in size the rate at which water 
leaves the sac, i.e., the volume per second, also increases. Therefore, since as the 
sac increases in size the rate of inflow of fluid and particles through the pharynx re- 
mains practically constant, while the rate of outflow of fluid without particles in- 
creases, the rate of concentration of particles in the fluid in the esophageal sac must 
increase as the sac enlarges. Moreover, as the esophageal sac enlarges the mem- 
brane at its surface is continuously stretched, and as it is stretched it must be con- 
tinuously built up by the interaction between substances in the sac and the adjoining 
cytoplasm so as to prevent rupture. It may well be, however, that the membrane 
thus formed becomes more and more pervious to water as it is stretched during the 
enlargement of the sac. If this is true, it also causes an increase in the rate of con- 
centration of particles in the sac. 

The conclusion that water continuously passes from the esophageal sac into the 
cytoplasm has an important bearing on various views concerning the origin of the 
water which is excreted by the contractile vacuoles. Eisenberg (1925) and Frisch 
(1937) hold that all this water enters the body through the pharynx ; Bozler (1924), 
Fortner (1926), and Miiller (1932) conclude that some of it enters through the 
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pellicle, and Kitching (1934, 1936, 1938) assumes, in some of his experiments, that 
all enters through the pellicle. 

It has been demonstrated by several investigators that the total volume of the 
food-vacuoles (at maximum size) formed in a given period of time is only about 
one-third as great as the total volume of the contractile vacuoles (at maximum size) 
formed during the same length of time. This seems to prove that water enters the 
body through the pellicle as well as through the pharynx. Eisenberg, Frisch and 
others maintain, however, that some of the water that enters the pharynx passes 
directly into the cytoplasm, i.e., without entering the food-vacuole at all, and that 
this accounts for the observed difference between the total volume of the food-vacu- 
oles and that of the contractile vacuoles. The evidence presented above that water 
continuously passes from the esophageal sac into the cytoplasm during the formation 
of the food-vacuoles, strongly supports the contention that the water excreted by 
the contractile vacuoles enters the pharynx; for the formation of the food-vacuole 
requires sufficient time to permit, during its formation, the passage of more water 
from it into the cytoplasm than passes from the food-vacuole into the cytoplasm 
after the vacuole has been fully formed. 

In view of these and other considerations it is difficult to understand how Kitch- 
ing, in the experiments referred to above, came to assume that all the water that was 
excreted by the contractile vacuole entered the body through the pellicle. 


THE SEPARATION OF THE Foop-VACUOLE FROM THE PHARNYX AND ITS MOVEMENT 
THROUGH THE Bopy 


There has been for many years much speculation concerning the processes in- 


volved in the separation of the food-vacuole from the pharynx and its movements 
after it has become free, but these problems still remain unsolved. 

I have closely observed under the oil-immersion objective, numerous food- 
vacuoles leave the pharynx and pass through the body in each of the four species of 
Paramecium listed above, especially the first three. The specimens studied were 
under many different environmental conditions, both natural and artificial. Ex- 
tensive variations were seen in each species but the results as a whole seem to show 
that the processes involved in the closing of the esophageal sac, the separation from 
the pharynx of the food-vacuole thus formed, and its passage through the body are 
fundamentally identical in the four species. 

The following usually occurs: The esophageal sac enlarges and becomes nearly 
spherical with the major axis directed backward. The substance in the sac rotates 
strongly and the particles in suspension vibrate vigorously and become much con- 
centrated. After the sac has become about twice as wide as the pharynx, it slides 
posteriorly from the diagonal end of the pharynx and becomes definitely pear- 
shaped, a nipple being drawn out on the vacuole as it leaves the pharynx. (No 
change whatever in the size of the end of the pharynx can be seen during this proc- 
ess.) A small portion of the esophageal sac remains as a membrane over the open- 
ing in the pharynx. This bulges out into the cytoplasm slightly, forming a shallow 
sac which soon enlarges to form a new vacuole (Fig. 3). After the nipple which 
connects the newly formed food-vacuole with the tip of the diagonal end of the 
pharynx has broken, the vacuole moves rapidly through the cytoplasm nearly to 
the posterior end of the body, and on the way it creates marked currents in the 
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cytoplasm, turns through approximately 270° and becgmes spherical. After it has 
reached the end of this course, it stops a few moments, then slowly passes forward 
near the aboral surface to the anterior end of the body or part way, and then back 
along the opposite surface, to the anus. 

As stated above, there is great variation in these phenomena. Some of these 
are set forth in the following paragraph : 

During the separation of the food-vacuole from the pharynx, the cytoplasm 
around it ordinarily flows slowly backward and appears to elongate the vacuole 
slightly, but sometimes this cytoplasm does not flow at all and occasionally it flows 
so violently that it appears to elongate the vacuole greatly and actually pull it from 
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Ficure 3. Camera outline of a portion of the feeding apparatus and some sketches illus- 


trating the movement of the food-vacuole during its separation from the pharynx in Paramecium 
aurelia. P, pharynx; ES, esophageal sac; F, food-vacuole; arrows, direction of movement. 


the pharynx. After the vacuole has been separated from the pharynx it almost in- 
variably moves toward the posterior end of the body much faster than the surround- 
ing cytoplasm, but occasionally it moves so slowly that it appears to be carried by 
the cytoplasm. On its way toward the posterior end of the body the vacuole usually 
turns somewhat more than half-way around but sometimes it does not turn at all, 
and sometimes it turns entirely around and occasionally even more than once; and 
it sometimes goes only a short distance on its usual course toward the posterior end 
of the body and is then carried forward. The vacuole usually becomes spherical 
before it has reached the posterior end of the body, but it sometimes does not be- 
come spherical until much later, if at all. This appears to be closely correlated with 
the viscosity of its content. Details concerning these phenomena are given in the 
next section (see also page 55-57). 
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Discussion 


It is held by all who have investigated the subject that after the food-vacuole has 
reached the posterior end of the body, it is carried over the rest of its course in the 
cytoplasmic stream, i.e., by cyclosis, but there is marked diversity of opinion con- 
cerning the processes involved in the separation of the food-vacuole from the pharynx 
and its rapid movement toward the posterior end of the body. 

Stein (1859), Biitschli (1889) and Bragg (1935, 1936) conclude that contrac- 
tion of the distal end of the pharynx and cyclosis are involved. However, since 
no decrease in the size of the pharynx can be seen and the vacuole sometimes leaves 
the pharynx and moves away in the total absence of cyclosis, neither of these two 
factors is essential. 

Nirenstein (1905) maintains’ that the cytoplasm adjoining the esophageal sac 
near the distal end of the pharynx contracts and separates the content of the sac from 
that in the pharynx and that the vacuole thus formed is carried away by cyclosis. 
Bozler (1924) supports Nirenstein in reference to the separation of the vacuoles 
from the pharynx, but he holds that the vacuole is not carried off by cyclosis. He 
contends that there is periodic backward streaming of the cytoplasm (which is not 
cyclosis) adjoining a group of fibers (“Schlundfaden”) which extend from the 
pharynx nearly to the posterior end of the body and that the vacuole is carried 
posteriorly in this stream. 

If the constriction in the esophageal sac is caused by the adjoining cytoplasm, one 
would expect to find a differentiated structure in the cytoplasm, i.e., a sort of 
sphincter. Nothing of this sort has, however, been found; and Bozler’s contention 
that there is a stream of cytoplasm backward along one side of a bundle of fibers 
has not been confirmed. It is consequently not likely that the formation and move- 
ment of the vacuole is dependent upon either of these two postulated factors. 

Kalmus (1931) and others seem to think that surface tension plays a predomi- 
nant role in the formation of food-vacuoles, somewhat as-it does in the formation of 
drops of water in the air. The formation of drops of water in air by the action of 
surface tension is, however, dependent upon weight. But since food-vacuoles sus- 
pended in cytoplasm have no weight, surface tension cannot be essential in their 
formation. 

Gelei (1934) says the food-vacuoles are torn from the pharynx, but he does not 
say by what means. 

Lund (1941) concludes that the food-vacuole is separated from the pharynx 
and forced toward the posterior end of the body by the action of the “postesophageal 
fibrils”. He says (p. 564): “With the growth of the vacuole the postesophageal 
fibrils contract about its base, the vacuole is pressed posteriorly, and once it is re- 
leased the fibrils conduct it into the cytoplasm with considerable rapidity. Their 
concerted action produces an effect somewhat resembling that produced by a peri- 
staltic wave in the esophagus of higher vertebrates.” 

Lund did not actually see the processes described nor could I see anything of 
the sort. I believe, however, that his postulations are eminently sound, for they rea- 
sonably account for nearly all that has been seen. There is, however, one observa- 
tion that seems to require further elucidation. 

Nirenstein (1905, p. 451) maintains that if the food-vacuole is directly over 
or under the diagonal opening of the pharynx which now appears as a clear oval 
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(“heller Oval”), it can be seen that as the vacuole leaves the pharynx, the minor axis 
of the oval decreases until the oval becomes a slit (“ein heller Spalt”) before the 
major axis decreases. I could not see these phenomena, but the observations are 
so difficult that this casts no reflections on their validity. Nirenstein thinks that 
the decrease in the minor axis, before the major axis decreases, must be due to con- 
traction of the cytoplasm (“Plasma”) adjoining the esophageal sac near its con- 
nection with the pharynx. Lund asserts, as previously stated, that there are sev- 
eral fibers which extend over the opening at the distal end of the pharynx, i.e., the 
mouth of the esophageal sac. I have already presented evidence which shows that 
if these fibers exist (and Lund’s figures seem to prove that they do), they are not 
inside of the pharynx or the sac. They must, therefore, be outside, some doubtless 
being on either side of the sac close to the end of the pharynx. If this is true, these 
two groups of fibers become much separated in the middle and stretched as the sac 
enlarges. And if they now contract the opening of the sac will be laterally squeezed 
and consequently will become slit-like, i.e., it will assume a form which is in accord 
with Nirenstein’s contention. It may well be, therefore, that these fibers (called 
“paraesophageal fibrils” by Lund) function in the separation of the food-vacuole 
from the pharynx. 


[INITIATION OF THE SEPARATION OF THE Foop-VACUOLE FROM THE PHARYNX 


The earlier investigators held that in Paramecium the size of the food-vacuole 
controls the initiation of its separation from the pharynx, and this idea seems still to 
be widely held. For example, Bragg (1935) says the food-vacuole “grows gradu- 
ally larger till, reaching its full size, it suddenly drops into the endoplasm.” This 
contention is supported by the fact that in a given individual successive vacuoles are 
usually nearly the same in size, but it does not account for the great difference in 
their size often observed. 

Bozler (1924) asserts that the separation of the food-vacuole from the pharynx 
is initiated by contact of particles with the inner surface of the vacuolar membrane. 
He bases this assertion on his contention that paramecia will not form food-vacuoles 
in a medium which does not contain particles. In this contention he does not, how- 
ever, agree with Schewiakoff (1894), who maintains that particles are not necessary. 
Bragg (1935) says that in Paramecium trichium contact of large particles with the 
inner surface of the vacuolar membrane is always immediately followed by separa- 
tion of the-vacuole from the pharynx. This seems to support Bozler’s contention. 
Bragg says however that many of the food-vacuoles formed in this species have no 
large particles and that in Paramecium caudatum large particles in the vacuole have 
no effect on their separation from the pharynx. He consequently concludes that 
they are not necessary. 

I made many observations concerning this on each of the four species of Para- 
mecium under consideration and found in all these species that the food-vacuole fre- 
quently leaves the pharynx immediately after a large particle has entered but that 
this does not always occur in any of them. I observed that when Paramecium trich- 
ium is ingesting yeast-cells, the food-vacuole usually leaves the pharynx immediately 
after one of these cells has entered but that occasionally it does not leave until after 
two have entered. I also found that this obtains for each of the three other species 
studied, when they are ingesting specimens of Chilomonas paramecium, and in these 
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I observed that occasionally the vacuole did not leave the pharynx until after three 
had entered. 

These results are therefore not in full accord with Bragg’s contentions. How- 
ever, I also observed in all the species, food-vacuoles which had no large particles 
whatever. This supports Bragg’s conclusion that contact of large particles with the 
vacuolar membrane is not necessary for the separation of the vacuole from the phar- 
ynx. This conclusion is also supported by the fact that I have under various con- 
ditions seen many food-vacuoles form in which no particles whatever could be seen. 
It is therefore very probable that in Bozler’s observations the failure of the para- 
mecia to form food-vacuoles in a particle-free medium was due to injurious action 
of the medium he used rather than to the absence of particles in it. 

The evidence in hand obviously throws but little light on the processes involved 
in the initiation of the separation of the food-vacuole from the pharynx in para- 
mecia, and this is also true for other forms. Mast and Bowen (1944) considered 
this problem theoretically in reference to the Peritricha and reached the following 
conclusions: “It is highly probable that waves start at fairly definite intervals in the 
pharyngeal ring and pass simultaneously down all the esophageal fibers and that 
each of these sets of waves initiates a constriction in the esophageal sac, if it con- 
tains sufficient fluid to make a constriction possible. If this is true, the size of the 
vacuole is correlated with the rate at which the fluid is forced into the esophageal 
sac by the cilia in the pharynx and the rate at which it leaves this sac by osmosis. 
If these processes and the interval between successive waves depend upon the com- 
position of the surrounding fluid, the temperature and the physiological state of the 
organism, it accounts for the observed variation in the size of the food-vacuoles and 
the intervals between their formation.” It seems to me that these conclusions apply 
equally well to Paramecium. Moreover, Bozler (1924) says that in this genus a 
momentary current passes posteriorly along the “Schlundfaden” at about 50-second 
intervals. These currents, he asserts, are entirely independent of cyclosis. I have 
seen similar currents in this region, though not very distinctly. I believe they are 
produced by periodic action of the esophageal fibers. If this is true, it supports 
the conclusions presented above. 


S1zeE, RATE OF FoRMATION, AND SHAPE OF THE Foop-VACUOLE 
Size 


It is well known that the food-vacuoles formed in Paramecium vary greatly in 
size, but very little is known concerning the cause of this variation. 

Metalnikow (1912) maintains that if paramecia are transferred from a solution 
which is poor to one which is rich in digestible substance (i.e., bacteria, milk, egg- 
yolk, etc.) the first vacuole formed is always huge, judging from his figures, nearly 
40 times larger than normal vacuoles. He also maintains that in solutions which 
contain only indigestible particles (carmine, chinese ink, etc.) the food-vacuoles 
formed are abnormally small. He does not designate the species studied, but his 
figures indicate that it probably was aurelia. 

I repeated Metalnikow’s experiments and obtained results which on the whole 
support his contention; but I found that the size of the vacuoles is not at all closely 
correlated with the composition of the surrounding medium. That is, I found that 
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the extent of change in the size of the vacuoles formed after transfer to a given 
medium varied greatly. 

Dogiel et al. (1927) made observations on the food-vacuoles formed by para- 
mecia* in solutions of salts, containing numerous particles of chinese ink in sus- 
pension. They found that in solutions of MgCl,, MgSO,, and FeSO,, the food-vac- 
uoles formed are long, tubular and coiled (““Nahrungsschlauche”’) but that in solu- 
tions of BaCl, they are minute and spindle-shaped. Judging from the sketches 
presented, the former would average about 60 » in diameter in spherical form, and 
the latter only about 4. Both were filled with particles of ink. 

I repeated these experiments on each of the four species of Paramecium listed 
above, with each of four brands of chinese ink in a much greater range of concentra- 
tions‘of the salts than was used by Dogiel et al. Moreover, the solutions of all the 
salts were made up respectively in distilled water, tap-water, and fluid taken from 
the cultures. The paramecia ingested the particles of ink freely in all the salt con- 
centrations tested, except those which were so high that they were injurious; but I 
observed no indication of the formation of abnormal food-vacuoles in any of the 
solutions, either in form or in size. 

Dogiel et al. assume that the abnormal food-vacuoles they observed were due to 
the action of the salts used. They say, however, that they did not obtain such vacu- 
oles if the chinese ink was omitted. This, and the fact that I obtained no abnormal 
vacuoles, strongly indicates that the abnormality observed by them was due to the 
action of the ink they used rather than the salts. 

Cosmovici (1931) maintains that “Colpidium colpoda” in culture fluid con- 
taining “amylodextrine” forms tubular food-vacuoles, some of which extend from the 
pharynx to the anus. He concludes that there is in the ciliates a very complicated 
closed capillary digestive system, through which substance is moved by waves of 
cytoplasmic contraction, and that cyclosis is an optical illusion, due to this movement. 
Amazing conclusions! 

I repeated and extended Cosmovici’s observations using paramecia in place of 
colpidia, but obtained no evidence whatever in support of his contentions. 

Frisch (1937) made very extensive measurements on food-vacuoles in specimens 
of Paramecium nucleatum taken from given cultures on successive days for three 
weeks or more. The cultures remained in a flourishing condition for nearly two 
weeks and then declined. During the flourishing period the average diameter of the 
food-vacuoles formed in different individuals varied from 17.25 » to 25 w with 65.55 p 
for the largest vacuole measured. As the cultures declined the food-vacuoles formed 
decreased in diameter “first to 13.80 microns, then progressively to 10.35, 6.90 and 
3.45 microns.” The paramecia were plump and ranged from 227 p» to 330 » in length 
until the cultures began to decline, then they gradually became thin and somewhat 
shorter. It is consequently evident that in these cultures the size of the food-vacu- 
oles formed varied directly with the size of the paramecia. Frisch maintains, how- 
ever, that in well-fed paramecia the size of the food-vacuoles is not closely, if at all, 
correlated with the size of the body and that the observed decrease in the size of the 
food-vacuoles during the decline of the cultures was largely if not entirely, due to de- 
crease in quantity and quality of food, i.e., bacteria. 


4 The species is not designated but the size of the paramecia calculated from the sketches 
presented and the fact that only one micronucleus is figured, indicate that it was caudatum. 
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I repeated the observations made by Frisch and extended them to other species. 
I also made observations on the effect of increase in the viscosity of the surrounding 
fluid. The results obtained are in full accord with those obtained by Frisch. I did 
find, however, that while within a given species, the size of the food-vacuoles does 
not appear to be correlated with the size of the individuals, the vacuoles formed by 
the two smaller species (aurelia and trichium) were, in general, much smaller than 
those formed by the two larger (caudatum and nucleatum) and that the size in all 
the species appears to depend upon the viscosity of the surrounding medium. 

In the observations on the effect of viscosity, polyvinyl alcohol or methyl cellu- 
lose was added to culture fluid containing paramecia on a slide. It was found that 
if the viscosity of the fluid became high enough to retard locomotion, but not high 
enough to inhibit it, the paramecia ingested the fluid rapidly, formed unusually large 
food-vacuoles and soon became well filled with them (Fig. 4). In some of these 
vacuoles a considerable number of solid particles could be seen but in others none 


Figure 4. Camera outline of Paramecium caudatum showing food-vacuoles formed in a 
viscous solution of polyvinyl alcohol. F, food-vacuoles. The small dots in the food-vacuoles 
represent solid particles. Most of the vacuoles did not contain any. 


whatever, despite thorough examination of much flattened specimens under the oil- 
immersion objective. Bozler (1924) obtained somewhat similar results with 
other viscous substances. 

Lee (1942) asserts that “preliminary observations” show that the size of the 
food-vacuoles in Paramecium is independent of the hydrogen-ion concentration of 
the surrounding medium, but he gives no details regarding the results of the observa- 
tions made. It may well be, therefore, that this assertion is not strictly true. How- 
ever this may be, the evidence in hand seems to show that there are at least four 
environmental factors which are involved in the control of the size of the food- 
vacuoles, namely, the quantity and the quality of the particles in suspension, and the 
chemical composition and the viscosity of the surrounding fluid. The question now 
arises as to how these factors junction. 

Mast and Bowen (1944) found in observations on Vorticella similis that the 
food-vacuoles vary greatly in size without any variation in the number or kind of 
particles suspended in the surrounding fluid or in its chemical composition. But 





48 


they did find that under certain conditions the size is definitely correlated with the 
quantitative rate of ingestion. 

They postulate, as stated above, that the food-vacuole is formed by constriction 
in the esophageal sac caused by the action of the esophageal fibers and that this con- 
strictive action occurs at fairly regular intervals regardless of the size of the 
esophageal sac. If this is true, it is obvious that if the constrictive action occurs 
when the sac is large, a large vacuole will be formed and that if it occurs when the 
sac is small, a small vacuole will be formed; and it is also obvious that if the quanti- 
tative rate of ingestion is high the esophageal sac will become, during the interval 
between successive constrictive actions, larger than if it is low. But the size of the 
sac will also depend upon the quantitative rate of passage of fluid from the sac 
through its surface membrane into the adjoining cytoplasm. According to this view 
then the primary factors involved in controlling the size of the food-vacuoles are (1) 
the quantitative rate of ingestion of fluid and solid particles, (2) the quantitative 
rate of passage of fluid from the esophageal sac into the cytoplasm, and (3) the length 
of the intervals between consecutive constrictive actions of the esophageal fibers. 
If this obtains all other factors that may be involved (the quantity and the quality 
of particles in the surrounding fluid, the chemical composition of this fluid, the 
physiological state of the organisms, etc.) function by modifying the primary fac- 
tors. 

This hypothesis is in full accord with the facts in hand, concerning the control 
of the size of the food-vacuoles in the Peritricha, and it also appears to account for 
all that is known concerning this phenomenon in Paramecium. 


Rate of formation 


Metalnikow (1912) contends that the rate of formation of food-vacuoles is de- 
pendent upon the hydrogen-ion concentration and upon the temperature of the 
surrounding fluid but that it is not dependent upon the number of particles suspended 
in it. 

Bozler (1924) asserts that the formation of a food-vacuole requires 4 to 5 minutes 
if the particles in suspension are scarce and only 1 to 2 minutes if they are abundant. 
He consequently does not agree with Metalnikow in this respect. 

Frisch (1937) seems to agree with Bozler in reference to the correlation between 
the concentration of particles and the rate of formation of food-vacuoles. He found 
that the time required for the formation of the food-vacuoles measured in the ob- 
servations described above, varied from 17 to 365 seconds, and he maintains that 
the time required for the formation of a food-vacuole is not dependent upon the size 
of the vacuole but that it is largely, if not entirely, dependent upon the quantity and 
the quality of the food present. He writes: “This variation did not depend upon 
the size of the food-vacuole formed but probably upon the quantity and the quality 
of bacteria present in the immediate vicinity of the animals.” He does not elucidate 
this dependence, but he doubtless holds that the time varies inversely with the quan- 
tity of bacteria and the extent of their usefulness as food. 

Lee (1942) demonstrated that the rate of formation of food-vacuoles is closely 
correlated with the hydrogen-ion concentration and the temperature of the surround- 
ing fluid. He consequently supports Metalnikow. 

No definite views have been expressed as to how the factors involved act in the 
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control of the rate of formation of food-vacuoles. Lee implies, however, that the 
rate is directly proportional to the activity of the cilia in the vestibulum (“peri- 
stome”) and that this is correlated with acidity, temperature, etc. This would ac- 
count for the facts observed by Lee, but it would not account for the correlation 
described above between the rate of formation of vacuoles and the concentration of 
particles in suspension in the surrounding medium. Moreover, I have repeatedly 
seen paramecia in which the cilia in the vestibulum were very active and numerous 
particles entered the vestibulum, but none passed into the pharynx, all being thrown 
out. This indicates that the amount of substance which enters the pharynx depends 
upon the nature of the activity of the cilia in the vestibulum quite as much as upon 
the magnitude of the activity. 

If the food-vacuoles are separated from the pharynx by constrictive actions of the 
esophageal fibers and these actions occur at regular intervals in accord with the 
hypothesis presented above, the rate of formation of the vacuoles must depend upon 
the length of these intervals ; and the effect on the rate of formation produced by the 
factors considered above, and others (i.e., acidity, temperature, physiological states, 
etc.) must be due to alteration produced by them, in the length of the intervals. 


Shape 


It is generally agreed that the newly formed food-vacuoles in Paramecium are 
usually nearly spherical but that they sometimes are distinctly spindle-shaped (Ni- 
renstein, 1905; Bozler, 1924; Dunihue, 1931; Gelei, 1934; Bragg, 1935, 1936). 
There is no controversy concerning the cause of the spherical form, but there are 
several views as to the cause of the spindle-shape. 

Nirenstein holds that the spindle-shape is due to constriction of the distal end of 
the forming vacuole by contraction of the adjoining cytoplasm and to drawing out 
of the proximal end to a point as the vacuole leaves the pharynx. Bozler main- 
tains that the food-vacuole is pressed against ‘a bundle of fibers (“Schlundfaden” ) 
on its way from the pharynx to the posterior end of the body and that this causes the 
spindle-shape. Gelei found that the portion of the esophageal sac which remains at- 
tached to the pharynx after a food-vacuole has left, is sometimes pointed and he main- 
tains that this results in a point on the distal end of the following vacuole and conse- 
quently in a spindle-shape. Mast and Bowen (1944) found that this regularly oc- 
curs in the Peritricha in which the newly formed food-vacuole is always spindle- 
shaped. Their results consequently support Gelei’s contention. Bragg (1936) 
concludes that the food-vacuole, immediately after it leaves the pharynx, is usually 
spindle-shaped in Paramecium caudatum, rarely in P. nucleatum and never in P. 
aurelia and P. trichium. He concludes that its form is a species characteristic, 
but he gives no information as to why, in a given species, it is sometimes nearly 
spherical and sometimes definitely spindle-shaped. 

I found in observations on paramecia which had been in culture fluid containing 
neutral red in moderate concentration, that nearly all the food-vacuoles formed in 
P. caudatum and P. nucleatum, but none of those formed in P. aurelia and P. trich- 
ium, were spindle-shaped. I also found that, while in the spherical vacuoles there 
was invariably violent movement, in the spindle-shaped vacuoles there was little or 
none. This shows that the viscosity of the fluid in the vacuoles differs greatly and 
that the shape of the vacuoles is correlated with it. 
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Figure 5. Camera outlines of a food-vacuole in a specimen of Paramecium aurelia, show- | 
ing changes in form, size, and content, and changes in the position of neutral-red granules at 
the surface. P, pharynx; ES, esophageal sac; F, food-vacuole; B, bacteria; J, indigestible : 
body ; NV, neutral-red granules; 3: 12-3: 55, time. 

Note that the vacuole rapidly became spherical then decreased slowly but greatly in size, ; 
then increased rapidly and greatly. Note also that the numerous neutral-red granules at the \ 
surface of the vacuole all disappeared during its rapid enlargement and that the bacteria appear j 
to have died and agglutinated during the decrease in size. 
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CHANGES IN SHAPE AND SIZE OF THE Foop-VACUOLE AFTER IT HAS LEFT 
THE PHARYNX 


Nirenstein (1905) contends that the food-vacuole in Paramecium, after it has 
left the pharynx, becomes spherical and decreases in size to about one-tenth and 
then increases until it is somewhat larger than it was originally. These conten- 
tions have been confirmed by others. 

I made detailed observations concerning these phenomena in Paramecium 
caudatum, P. nucleatum, and P. aurelia. The results obtained show that they are 
fundamentally the same in these three species. The changes observed in a typical 
food-vacuole in Paramecium caudatum are illustrated in Figure 5. 

This figure shows that the vacuole, after it had become free from the pharynx, 
rapidly became spherical and slowly decreased in size to nearly one-twentieth and 
then very rapidly increased until it was nearly as large as it had been originally. 
The figure indicates that as the vacuole decreased in size the bacteria in it died and 
aggregated in numerous small clumps, and that fluid passed out into the surround- 
ing cytoplasm until there was practically none left, and the vacuole was so packed 
full of solid particles that the surface was very irregular. The figure indicates also 
that the numerous “neutral-red granules” at the surface of the vacuole when it left 
the pharynx, disappeared during its rapid enlargement. All these phenomena varied 
greatly in extent and time. For example, under some conditions there was no 
perceptible change in the size of the vacuoles at all. Details concerning some of 
them are given in the next section (see pages 55-57). 

Mast and Bowen (1944) observed similar phenomena in the food-vacuoles in 
the Peritricha. They make the following statements in reference to the causes of 
the changes in size: “The loss of fluid, resulting in the decrease in the size, is prob- 
ably due in part to difference in the osmotic concentration of fluids in the vacuoles 
and the cytoplasm * (that of the latter being higher than that of the former) and in 
part to inward pressure of the elastic membrane on the surface of the vacuoles, which 
was stretched by the pressure of fluid forced into them by the pharyngeal cilia. 
The inflow of fluid, resulting in increase in size, is probably entirely due to greater 
osmotic concentration within the vacuole than without. If this is true, the internal 
osmotic concentration must increase greatly during the time that the vacuole re- 
mains minimum in size. This could readily be brought about by transformation in 
the vacuole of osmotically inactive to osmotically active substance, for example, 
starch to sugar. In food-vacuoles which contain lactose, the gelatinous substance 
in them, referred to above, increases greatly in viscosity as the vacuoles decrease in 
size (as indicated by observations on Brownian movement ) and then decreases greatly 
as they increase in size. The increase in viscosity is correlated with increase in 
acidity. It may well be that this increase in acidity causes chemical changes in the 
gelatinous substance which result in increase in osmotic concentration and that this 


5 This contention is strongly supported by the following observations: Mast and Bowen 
(1944) found that the food-vacuoles in Vorticella similis do not decrease in size if lactose in 
sufficient quantity is added to the culture fluid; and Fortner (1933) found the same in Para- 
mecium caudatum in culture fluid to which numerous crushed bacteria had been added. In 
both of these observations the osmotic concentration of the fluid in the food-vacuoles was 
probably as high or higher than that of the surrounding cytoplasm, hence the retention of the 
water in them and no decrease in size. 
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in turn causes the rapid inflow of fluid from the cytoplasm which in turn, owing 
to decrease in acidity, causes the observed decrease in viscosity.” 
These statements are equally applicable to the food-vacuoles in Paramecium. 


THE HypDROGEN-ION CONCENTRATION OF THE CONTENT OF THE Foop-V ACUOLE 
IN PARAMECIUM 


[It has been known for many years that after the food-vacuole in protozoa has 
been formed the hydrogen-ion concentration of its content increases considerably 
and then decreases again (Metchnikoff, 1889; LeDantec, 1890; Greenwood and 
Saunders, 1894; Nirenstein, 1905; et al.°). There is however marked diversity of 
opinion concerning the magnitude of these changes and the factors involved in pro- 
ducing them. Moreover, it has recently been maintained that in Paramecium the 
ingested substance becomes alkaline before the food-vacuole is formed, i.e., that there 
is in the vacuole a “preliminary alkaline phase.” 


The preliminary alkaline phase of the food-vacuole 


Shipley and DeGaris (1925) made observations on specimens of Paramecium 
caudatum and P. aurelia in acid culture fluid to which phenol-sulfonphthalein 
(phenol red) had been added. They maintain that this fluid and the bacteria in it 
were distinctly yellow (acid), but that as it passed through the pharynx it became 
“faintly but distinctly pink . . . next to the wall of the pharynx”, and that the form- 
ing food-vacuole was “filled with an alkaline [pink] fluid” which later became 
yellow (acid), and then pink (alkaline) again. They seem to hold that an alkaline 
substance is secreted by the wall of the pharynx. 

Shapiro (1927) repeated the observations of Shipley and DeGaris and extended 
them to paramecia in neutral and in alkaline culture fluids. He says that in the 
neutral culture fluid “the vacuoles at first had a very light shade of pink” (alka- 
line), but that in the acid and the alkaline culture fluids there was no evidence of this. 
He concludes, however (p. 49), that “the observations made by Shipley and De- 
Garis of an alkaline stage at the beginning of the cycle has been verified.” Duni- 
hue (1931) asserts, on the contrary, that he was unable to confirm these observa- 
tions. 

[ put into each of seven test-tubes a given quantity of fluid from a vigorous 
culture of Paramecium caudatum and added a different quantity of phenol red to 
the fluid in each, so as to produce a graded series of concentrations. All the solu- 
tions became distinctly yellow, and comparison with a series of buffers containing 
phenol red, showed that they were acid. After 24 hours the paramecia in the two 
strongest solutions were dead, but those in the rest of the solutions appeared to be 
in excellent condition. Some from each of these solutions were mounted and 
studied. They ingested fluid and bacteria in all, and the results obtained were the 
same in all. 


® Engelmann (1879, p. 349) had previously observed ingested blue particles of litmus 
become red in Paramecium aurelia, Stylonychia mytilus, and Amoeba diffluens. But he did not 
know that this change in color was correlated with the content of the food-vacuoles. He 
assumed that the ingested particles of litmus were in direct contact with the cytoplasm and he 
therefore concluded that the observed change in their color demonstrated that the protoplasm 
is acid in these species. 
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Under a magnification of 400 (20 oculars and 20 objective) the stream of fluid 
in the pharynx was definitely yellow except a thin layer at the surface, i.e., a thin 
layer adjoining the wall of the pharynx, which was distinctly purplish pink. The 
fluid at the surface of the forming food-vacuole was also purplish pink, but that in 
the central portion was yellow, and the bacteria in it appeared to be the same in 
color as the fluid. After the vacuoles left the pharynx, they decreased slowly in 
size and the bacteria became intensely yellow, much deeper yellow than the fluid 
around them. Later the vacuoles increased rapidly in size, and the fluid in them 
became light purplish pink and the bacteria dark purplish pink. 

These results are essentially in accord with the contentions of Shipley and De- 
Garis, and they appear to support their implication that the wall of the pharynx 
secretes an alkaline substance. However, on further examination of the paramecia 
in the culture fluids containing phenol red, I found that the surface of the content 
of the contractile vacuoles was also purplish pink, that is, that it was the same in 
color as the surface of the content of the pharynx, and I| later observed the same 
purplish pink color in the pharynx and the contractile vacuoles in paramecia in 
culture fluid which did not contain any dye. Moreover, under a magnification of 
1200 (20 oculars and 60 oil-immersion objective) there was no indication whatever 
of purplish or pinkish color in the pharynx or the contractile vacuoles, either in the 
paramecia in the culture fluid containing phenol red or in those in the culture fluid 
without any dye. 

These results seem therefore to indicate that the purplish pink color observed in 
the lower magnification was due to refraction phenomena, not to change in acidity. 
It is consequently highly probable that the pinkish color observed in the pharynx 
and the forming food-vacuole by Shipley and DeGaris and Shapiro was not due to 
decrease in acidity. 

[ made numerous observations with several other indicator dyes, concerning a 
decrease in the acidity of the fluid in the pharynx in Paramecium but obtained no 
evidence of any. Moreover, Lund (1914) demonstrated fairly conclusively that 
in Bursaria there is a definite increase. That is, he found precisely the opposite 
from what Shipley and DeGaris maintain occurs in Paramecium. The evidence 
in support of a “preliminary alkaline phase” in the food-vacuoles in Paramecium is 
consequently negligible. 


THe MAGNITUDE OF THE CHANGES IN THE HypDROGEN-ION CONCENTRATION 
IN THE Foop-VACUOLE 


Bozler (1924) was probably the first to attempt to measure the hydrogen-ion 
concentration of the content of the food-vacuole. He made observations on food- 
vacuoles in paramecia which had ingested yeast-cells stained with congo red; and he 
concluded that the hydrogen-ion concentration of their content increases approxi- 
mately to pH 3. Nirenstein (1925) repeated and extended Bozler’s observations 
and concluded that it increases nearly, if not quite, to pH 1. Neither of these in- 
vestigators measured the subsequent decrease in hydrogen-ion concentration. 
Shapiro (1927) measured this and also the preceding changes. He made observa- 
tions on paramecia in culture fluid containing respectively litmus, congo red, and 
phenol red, and concluded that in neutral culture fluid the acidity at first decreases 
to about pH 7.6 (“preliminary alkaline phase”), then increases to a maximum of 
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pH 4, and then decreases about to pH 7. Kalmus (1931) confirmed Nirenstein’s 


conclusion. 
I repeated and extended the preceding observations made with dyes and I also 
made observations on ingested crystals. 


Ingested ri rystals 


Neutral-red crystals were produced and tested for solubility and changes in 
color in relation to hydrogen-ion concentration as described in preceding papers 
(Mast, 1942; Mast and Bowen, 1944). Some fragments of these were added re- 
spectively to neutral and slightly acid or alkaline culture fluid containing paramecia 
on a slide and covered with a cover-glass supported on ridges of vaseline. 

In some tests the culture fluid was taken from vigorous cultures which con- 
tained numerous bacteria; in others it was taken from old cultures which contained 
only a few bacteria, and in still others it was taken from a fresh culture which con- 
tained very few bacteria. Starch was added to the culture fluid in some of the 
tests. Observations were made on three different species of paramecia, namely, 
caudatum, nucleatum, and aurelia. The results obtained are essentially the same 
for the three species studied. 

The paramecia fed freely in all the solutions used. Some of the food-vacuoles 
formed contained, in addition to the culture fluid ingested, only bacteria, others 
chiefly starch, and still others fragments of crystals, bacteria, and starch in various 
proportions. The fragments of crystals ingested ranged in size from irregular 
masses not much larger than the bacteria, to needle-like structures nearly half as 
long as the diameter of the paramecia. 

The largest fragments invariably punctured the wall of the vacuole and passed 
out into the cytoplasm. Some of these were continuously observed under the oil- 
immersion objective for an hour or more. During this time they circulated several 
times around the body in the cytoplasmic stream and were then ejected. A few 
“neutral-red granules” became attached to the surface but no perceptible change oc- 
curred in the crystals, either in color or in form. 

All the smaller fragments of crystals ingested remained in the food-vacuoles. 
These in most of the vacuoles did not change perceptibly and were ejected intact 
with the rest of the undigested substance. But those in some changed in color from 
brownish yellow to pink, and some of these rounded up and became nearly spherical. 
[ did not see any disintegrate completely ; but the fact that they rounded up shows 
that they became plastic and that they probably had partially dissolved. 

These changes invariably occurred soon after the vacuoles had left the pharynx, 
but not until after they had decreased considerably in size. They occurred in vacu- 
oles which contained only a few bacteria as well as in those which contained many, 
but not in all, and they did not occur in any vacuoles which were well filled with 
starch grains and contained but little fluid, and consequently decreased but little in 
size. 

In acetate buffer solutions the crystals became pink immediately at pH 5 and 
lower, and dissolved in a few seconds. At pH 5.6 they became pink at the surface 
in 2 to 3 minutes and. dissolved in 15 to 60 minutes. In hydrochloric acid, pH 4, 
they became pink at the surface immediately and dissolved in 10 to 20 minutes, but 
at pH 5 it required several minutes for them to become pink and more than 60 
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minutes for all to dissolve. Neutral-red crystals appear therefore to be consider- 
ably more readily soluble in acetate buffer solutions than in solutions of hydrochloric 
acid in distilled water. This difference seems to be correlated with the difference in 
the amount of buffers present. 

The fact that the crystals became pink and, at least partially, dissolved in a few 
minutes in some food-vacuoles and did not change perceptibly in others shows that 
the maximum hydrogen-ion concentration of the content of the vacuoles varies con- 
siderably. This variation seems to be, at least in part, due to difference in the ex- 
tent of the decrease in size of the vacuoles, for there was, as stated above, no change 
in the crystals in any of the vacuoles until after the vacuoles had decreased con- 
siderably in size. 

The fluid in the food-vacuoles is doubtless well buffered and consequently re- 
sembles acetate buffer solution in this respect. Therefore, the facts that in acetate 
buffer solution the crystals become pink at pH 5.6 and that in many of the food- 
vacuoles they do not become pink indicate that the hydrogen-ion concentration of 
the fluid in these vacuoles does not reach pH 5.6. The results presented below show, 
however, that the maximum acidity reached in other vacuoles is very much higher. 


Ingested dyes 


The observations on ingested dyes were made as follows: A series of small test- 
tubes, containing some of the dye under consideration and appropriate buffer solu- 
tion which differed by pH 0.2 in successive tubes, was prepared. Then culture 
fluid containing paramecia and bacteria was mounted between two parallel ridges 
of vaseline on a slide and dye or yeast-cells which had been stained by boiling in 
water containing dye, added. Then the preparation was covered with a cover-glass 
and the color of the content of the food-vacuoles formed, compared with that of 
the buffer in each of the test-tubes, and usually also with that of stained yeast-cells 
mounted respectively in buffer solution from each of the test-tubes. The hydrogen- 
ion concentration of the content of the food-vacuole was assumed to be that of the 
buffer and the stained yeast-cells in it, which it most nearly resembled. 


Neutral red (pH 6.8, red—pH 8, auburn) 


Three species of Paramecium were studied, caudatum, nucleatum, and aurelia. 
The results obtained were essentially the same in these three species. 

Owing to the activity of the paramecia, it was usually impossible to keep a given 
food-vacuole under observation for more than a few minutes, especially under high 
magnification. I succeeded however in continuously observing one vacuole under 
20 oculars and a 60 oil-immersion objective throughout practically its entire exist- 
ence. Since these observations are exceptional and the results obtained concern 
various important phenomena aside from changes in hydrogen-ion concentration, 
they will be presented in detail. 

The paramecium in which this vacuole formed, had been for 24 hours in culture 
fluid containing numerous bacteria and neutral red in low concentration. When it 
was discovered there were scattered through the cytoplasm about a dozen food- 
vacuoles and numerous small red granules or droplets often called “neutral-red 
granules.” The vacuoles varied greatly in size and color. Some were pinkish red, 
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others yellow and still others various shades between. The red granules were much 
more abundant in the region around the distal end of the pharynx than elsewhere. 
They were especially abundant near the distal end of the aboral surface of the 
pharynx and the surface of the forming food-vacuole. There were so many gran- 
ules on these surfaces that they appeared to form a continuous layer. Some of the 
formed food-vacuoles were also well covered with granules but others had none 
at all. 

The food-vacuole under observation began to form about 3:11 p.m. It con- 
tained numerous bacteria and a small yellow neutral-red crystal which served ad- 
mirably to distinguish the vacuole from others in the body. The bacteria were 
swimming actively and the entire content of the vacuole rotated rapidly, owing to 
the action of the cilia which projected from the pharynx into it. The vacuole left 
the pharynx at 3:12 p.m. and passed very rapidly nearly to the posterior end of the 
body. It turned approximately through 180° on the way, created violent currents in 
the cytoplasm and dragged numerous neutral-red granules after it. It was pear- 
shaped when it left the pharynx but became nearly spherical on the way to the 
posterior end of the body, i.e., in about one-fourth second. The bacteria and the 
fluid in it now appeared to be distinctly pinkish in color, but this was due to the red 
granules on the surface, for careful. focusing showed that both the fluid and the 
bacteria in it were colorless. By 3:12%4 p.m. the vacuole had decreased about one- 
fifth in diameter and the crystal had become spherical and crimson in color, but the 
bacteria were still colorless and active and the fluid was also still colorless. The 
crystal had apparently partially dissolved and had become plastic. At 3:15 P.M. 
the bacteria were motionless and faintly pink in color, but the fluid was still colorless. 
No further change had occurred in the crystal and the surface of the vacuole was 
still well covered with neutral-red granules. Some of these granules were seen to 
leave and others to approach the surface. None passed into the vacuole. By 3:17 
p.M. the vacuole had decreased nearly one-half in diameter and had moved forward 
considerably. The bacteria had become deep pink in color, but no perceptible 
change had occurred in the fluid or the crystal or in the number of neutral-red 
granules on the surface. At 3:19 p.m. the diameter of the vacuole was only about 
one-fourth its original length. The bacteria were closely packed around the crim- 
son crystal, forming a dark pink mass closely surrounded by the vacuolar membrane 
which was still well covered with red granules. A few moments later the vacuole 
began to increase rapidly in size. At 3:20 p.m. it had nearly reached its original 
size. During its enlargement the bacteria had become lighter in color, the fluid in 
the vacuole remained colorless and the neutral-red granules on the surface disap- 
peared. By 3:23 p.m. the bacteria had become colorless, considerably larger and in- 
definite in outline and the crystal had become nearly colorless. No further changes 
in color occurred in the content of this vacuole. None of it became yellow. This 
was doubtless due to excessive dilution of the dye during the enlargement of the 
vacuole as indicated below. These results were confirmed by observations for 
shorter periods on many other food-vacuoles in this preparation. 

In observations on food-vacuoles in paramecia in other preparations, some of 
which contained stained yeast-cells, the following was found: Under some conditions 
the content of the forming vacuole did not rotate, the bacteria were quiet and there 
was no Brownian movement. This indicates that the fluid in it was very viscous. 
The newly formed food-vacuoles were usually well covered with neutral-red gran- 
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ules, but occasionally there were only a few on the surface. Sometimes all the 
granules left the surface before the vacuole had decreased to minimum in size, but 
there was no indication that any entered the vacuoles. In preparations which con- 
tained but little neutral red, the neutral-red granules did not stain, but the bacteria 
in the food-vacuoles still became pink after they died. All but a few of the food- 
vacuoles observed were nearly spherical when they left the pharynx, and all these 
rapidly became spherical after they had left. The rest were spindle-shaped when 
they left the pharynx. Most of these rounded up very slowly after they had left 
and a few of them probably did not become spherical at all. Nearly all the spindle- 
shaped vacuoles observed were formed in paramecia which had been subiected for 
twelve hours or longer to relatively strong solutions of neutral red. 

In most of the food-vacuoles observed a yellow hyaline layer formed at the str- 
face, as the vacuoles enlarged after having decreased to minimum in size. This 
layer surrounded a red mass consisting of bacteria and other particles which gradu- 
ally became uniformly distributed and distinctly yellowish in color. In the rest of 
the vacuoles observed, no layer formed at the surface, the distribution of the bacteria 
and other particles keeping step with the enlargement of the vacuoles ; but the entire 
content of these vacuoles eventually became yellow, just as it did in those in which 
a layer had formed. 

Ordinarily the food-vacuoles, after they had enlarged, remained intact until 
their undigested content was eliminated; but in a few instances two or more were 
seen to fuse, and some of the vacuoles thus formed were very large. 

The results presents show that there is great variation in all the phenomena ob- 
served in the food-vacuole, but that the change in the acidity of its content is closely 
correlated with change in its size. They indicate that, as the vacuole decreases 
in size, the hydrogen-ion concentration of its content increases in some instances 
to more than pH 4 and then (as it increases in size) decreases approximately to pH 
8. The colors of the neutral-red-containing buffers used in measuring the acidity of 
the neutral red stained content of the food-vacuoles, were however so indefinitely 
correlated with the acidity of the buffers that the results obtained are necessarily little 
more than crude approximations. 


THe Maximum ACIDITY OF THE CONTENT OF THE Foop-VACUOLE 
Congo red (pH 3, blue—pH 5, orange) 


As stated above, congo red has been used by several investigators to measure the 
maximum acidity of the content of the food-vacuole in Paramecium and the con- 
clusions reached differ greatly. In attempting to elucidate this diversity I extended 
the observations which have been made, using Paramecium caudatum, P. nucleatum, 
P. aurelia, and P. trichium. - 

In specimens of P. caudatum mounted in culture fluid containing numerous bac- 
teria and congo red in excess, the following was found : The fluid in the newly formed 
food-vacuoles was light yellow, the undissolved particles of congo red, yellowish 
brown and the bacteria, colorless. As the vacuoles decreased in size after they had 
left the pharynx, the fluid in them decreased greatly in quantity and became light 
blue, the bacteria died and became dark blue and the particles of congo red became 
dark blue; then as the vacuoles increased-in size, the fluid in them increased greatly 








58 S. O. MAST 


in quantity and became orange, after which the bacteria and the particles of congo 
red soon also became orange, and remained so until they were eliminated. 

In some of these observations the paramecia, after having been a few minutes 
in the culture fluid containing bacteria and congo red, were transferred with as little 
fluid as possible, to a smear of polyvinyl alcohol on a slide and covered with a cover- 
glass. These paramecia became so quiet that they could readily be studied under 
high magnification. Some of them contained food-vacuoles in which all the changes 
described above were very distinctly seen. When these food-vacuoles had become 
minimum in size the color of their content resembled that of buffer pH 3.2. These 
results therefore indicate that the maximum acidity of the content of the food- 
vacuoles in Paramecium is approximately pH 3.2 and that this is reached when the 
vacuoles have decreased to minimum in size. These observations were repeated, 
but yeast-cells which had been stained with congo red were added to the preparations. 

The culture from which the paramecia were taken was pH 6.8. They were 
mounted in this fluid but NaOH was added to some of the preparations, so that a 
series was obtained which ranged from pH 6.8 to pH 9.8. The stained yeast-cells 
added were brilliant orange in color, and they remained so in all the preparations. 
The following results were obtained : 

There was no perceptible change in the color in the ingested yeast-cells in any of 
the preparations until after the food-vacuoles containing them had left the pharynx 
and had decreased considerably in size. Then, in the preparations, pH 6.8~9, the 
veast-cells in vacuoles which contained not more than about six, became sky-blue 
like buffer pH 3, as the vacuoles decreased in size and then, after the vacuoles had 
increased in size, brilliant orange again. If the food-vacuoles contained more than 
about six yeast-cells the extent of change in color from orange toward blue varied 
inversely with the number of cells in a vacuole. In those which were well filled with 
yeast-cells and consequently contained but little fluid, there was no appreciable 
change in color. These vacuoles decreased only slightly in size. The extent of 
change in color from orange toward blue, 1.e., the increase in hydrogen-ion concen- 
tration, is therefore correlated with the number of yeast-cells in the vacuoles and the 
extent of the decrease in their size. 

In fluid at pH 9.4 many of the paramecia did not feed, and those which did formed 
food-vacuoles which were considerably smaller and contained fewer yeast-cells than 
those formed in ordinary culture fluid. The cells in some of these vacuoles did not 
appreciably change in color; but those in others became definitely bluish, i.e., about 
like buffer pH 4. In fluid at pH 9.8 only a few of the paramecia fed and the food- 
vacuoles formed contained only a few yeast-cells. There was no perceptible change 
in color in any of these vacuoles, despite the fact that they contained only a few 
yeast-cells. This seems to show that the extent of change in color from orange 
toward blue depends upon the alkalinity of the fluid which is ingested with the yeast- 
cells. The fact, however, that no difference in the extent of change in color was ob- 
served in culture fluids which ranged from pH 6.8 to pH 9 indicates that this cor- 
relation is not very close. 

In some of the observations paramecia were used which had been transferred suc- 
cessively through ten separate portions of fresh sterile culture fluid so as to eliminate 
nearly all the bacteria. The yeast-cells ingested in this solution changed in color as 
extensively as those ingested in solutions which contained numerous bacteria. The 
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increase in the acidity of the fluid in the food-vacuoles is therefore not closely, if at 
all, correlated with the number of bacteria in it. 

There was no perceptible color in the fluid in the food-vacuole in any of the tests 
made with yeast-cells. 

The results obtained with P. nucleatum and P. aurelia are essentially the same 
as those obtained with P. caudatum, but those obtained with P. trichium differed in 
that no change in color whatever was observed in the ingested yeast-cells. In this 
species the food-vacuoles usually contain only one yeast-cell when they leave the 
pharynx (never more than two) and very little fluid. They consequently change 
but little in size after they have left the pharynx. This is probably why there is no 
perceptible change in the color of the stained yeast-cells in them. 

The results obtained with congo red therefore indicate that the maximum acidity 
of the content of the food-vacuole in Paramecium is approximately pH 3.2. This 
is in harmony with Bozler’s conclusion. Nirenstein and Kalmus contend however, 
as previously stated, that the maximum acidity is much higher. 

Nirenstein (1925) found, just as Bozler had, that ingested congo-red-stained 
yeast-cells become blue in some food-vacuoles in Paramecium, but he contends that 
Bozler’s conclusion is erroneous. He put yeast-cells and coagulated egg albumen 
which had been stained orange with congo red, respectively into different concen- 
trations of hydrochloric acid and found that, whereas a solution of congo red in 
N/1000 (pH 3) HCl is blue, neither the yeast-cells nor the egg albumen changed 
color in concentrations lower than N/30 (pH 1.47) and did not actually become 
blue until N/10 (pH 1) was reached. He consequently concluded that since 
stained egg-albumen and yeast-cells became blue in some of the food-vacuoles, the 
acidity of the fluid in those vacuoles must have been approximately pH 1. Kalmus 
(1931) repeated Nirenstein’s observations and came to the same conclusion. 

I added yeast-cells and congo red in excess to a series of Clark buffer solutions 
(pH 1-9) in test-tubes, heated them to boiling and then left them for 12 hours. At 
pH 2 and lower, the dye had precipitated, the fluid was very light purplish blue and 
the yeast-cells were not perceptibly stained. At pH 2.2 a few of the yeast-cells were 
slightly stained, light purple, the same shade as the fluid. At pH 3 the fluid was 
densely lavender and about one-half of the yeast-cells were strongly stained and the 
color was like that of the fluid. At pH 5 the fluid and all the yeast-cells were deep 
red. At pH 7 the fluid was the same color as at pH 5 but the yeast-cells were light 
orange. At pH 8 and higher the fluid was red but the yeast-cells were only slightly 
stained and light yellow in color. Congo red therefore appears to stain yeast-cells 
most readily in the neighborhood of pH 5. 

Some of the red yeast-cells in buffer pH 5 were transferred to a series of buffers 
(pH 1-3) containing congo red and examined from time to time for two hours. 
At pH 1 and 1.2 the yeast-cells became densely sky-blue, at pH 1.4 purplish blue, at 
pH 2 and 3 definitely purple.’ 

Some of the red yeast-cells from the pH 5 buffer were added to culture fluid 
containing numerous paramecia. The yeast-cells were freely ingested. No change 
in color was observed in any of the food-vacuoles which were well filled with yeast- 


7It is not clear why yeast-cells do not stain at all with congo red at pH 1 and 1.2 but be- 
come densely blue at these hydrogen-ion concentrations if they are first stained at higher 
concentrations. 
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cells, but in some of those which contained only a few, they unquestionably became 
as blue as those in buffers pH 1 and 1.2 and then, as the vacuoles increased in size, 
red again. In others they became purple of various shades so that all colors ob- 
tained in buffers pH 1-3 could be matched. 

These results appear therefore to support Nirenstein’s conclusion that the maxi- 
mum acidity of the content of some of the food-vacuoles in Paramecium is approxi- 
mately pH 1. The salt, protein and other errors for congo red are however so 
great that Clark (1928) and others maintain that the results obtained with it can be 
considered only as crude approximations. Moreover, in measurements made with 
a glass electrode, I found that congo red decreases the acidity of solutions and that 
in saturated solutions of congo red this decrease is great, i.e., from pH 3.06 to pH 
6.61 in N/1000 HCl. Nirenstein’s conclusion regarding the maximum acidity of 
the content of the food-vacuole, based on the assumption that congo red does not af- 
fect the acidity of solutions of hydrochloric acid, is consequently equivocal. I there- 
fore repeated the experiments on congo red described above, with thymol blue and 
meta cresol purple, both of which have only very small errors and only slightly af- 
fect the acidity of solution to which they are added. 


Thymol blue (pH 1.2, red—pH 2.7, yellow) and meta cresol purple (pH 1.2, red— 
pH 28, yellow’) 


In buffer solutions containing thymol blue, yeast-cells stain most readily at pH 
3-5 and become lemon yellow. At pH 1-1.6 they do not stain perceptbily, but if 
yellow yeast-cells are put into these buffer solutions they become definitely pink of 
the same shade as the solutions. 

-aramecia ingest the stained yeast-cells freely except in preparations in which 
the dye is too concentrated or the fluid too strongly acid. In every preparation 
studied the density of the yellow color of the yeast-cells in the forming food-vacuoles 
increased considerably. This is doubtless due to increase in the concentration of 
the dye, owing to impermeability of the vacuolar membrane to it and loss of water. 
After the food-vacuoles had left the pharynx, the yeast-cells in most of the vacuoles 
remained yellow but in some in nearly every preparation they unquestionably 
changed color and became as pink as those in buffer pH 1.4, and then as the vacu- 
oles increased in size, yellow again. 

The results obtained with meta cresol purple are essentially the same as those 
obtained with thymol blue. The ingested, stained yeast-cells remained yellow in 
most of the food-vacuoles, but in some they changed color as the vacuoles decreased 
in size and clearly became as pink as those in the buffer pH 1.4, and then yellow 
again as the vacuoles enlarged. 

The results presented seem to demonstrate that while the maximum acidity of 
the content of the food-vacuoles in Paramecium differs enormously, it is at least as 
high as pH 1.4 in some of them. If this is true it is phenomenal, for culture fluid 
very much lower (even as low as pH 3.5) is instantly fatal to paramecia. The 
relatively high concentration of acid in the food-vacuole without injury to the ad- 
joining cytoplasm is convincing evidence in support of the contention presented 
above that the vacuolar membrane is impermeable to acid. 
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THe MaximuM ALKALINITY OF THE CONTENT OF THE Foop-VACUOLE 


Four dyes were used in the observations on the maximum alkalinity of the 
content of the food-vacuoles in Paramecium, nile blue (Grubler, 1915, pH 7, blue— 
pH 8, purple) ; phenol red (pH 6.8, yellow—pH 7.4, pink) ; brom thymol blue (pH 
6, yellow—pH 7.6, blue), and cresol red (pH 7.2, yellow—pH 8.8, red). The ob- 
servations made with congo red were repeated with each of these four dyes except 
that only two species (P. caudatum and P. nucleatum) were used and that the 
hydrogen-ion concentration of the culture fluid in which the paramecia were 
mounted, extended over a wider range. No difference was observed in the results 
obtained with the two species. 


Nile blue 


In the paramecia mounted in culture fluid containing nile blue, numerous food- 
vacuoles with many bacteria were formed in all the preparations except those which 
were so strongly alkaline that they were definitely toxic. These preparations were 
examined under low and high magnification from time to time for six hours. The 
content of the food-vacuoles was practically colorless until after the vacuoles had 
decreased considerably in size; then the bacteria in them became deep sky-blue in 
all the preparations and appeared to be dead, but the fluid remained colorless. 
Later the vacuoles increased in size, but there was no appreciable change in the color 
of either the fluid or the bacteria in them. There was no indication of a change to 
a purplish tint in the content of any of them. The buffer solutions containing 
Grubler’s nile blue were sky-blue at pH 6.8, slightly purplish at pH 7.2, and dis- 
tinctly purple at pH 7.6 and higher. The results presented, therefore, seem to show 
that the content of the food-vacuoles certainly did not become as alkaline as pH 7.6 
in any of them, and probably not as alkaline as pH 7.2. 

Yeast-cells stained with nile blue were mounted respectively in acid (pH 6.8) 
and alkaline (pH 8.6) culture fluids containing paramecia. The yeast-cells were 
freely ingested by the paramecia in all the preparations studied. In the acid culture 
fluid they were sky-blue and no perceptible change in color occurred as they passed 
through the body. In the alkaline culture fluid they were purple and they usually 
remained purple, but occasionally, if the food-vacuoles contained only one or two, 
they became blue as the vacuoles decreased in size and then purple again after they 
had enlarged. 

Some of the blue yeast-cells were mounted in each of the buffer solutions in the 
series prepared. They remained blue in all below pH 7.6 and became only slightly 
purplish at pH 7.8. The results presented above indicate, therefore, that the con- 
tent of some of the food-vacuoles formed in alkaline culture fluid became at least as 
alkaline as pH 7.8; but the fact that the yeast-cells became purple in only a very small 
percentage of the food-vacuoles shows that it rarely becomes as alkaline as this. 
However, the fact that the yeast-cells did not become purple in any of the vacuoles 
formed in acid culture fluid indicates that the maximum alkalinity of the content of 
the food-vacuoles is correlated with the hydrogen-ion concentration of the sur- 
rounding medium. 
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Phenol red 


Paramecia can withstand a surprisingly strong solution of phenol red. If the 
solution is alkaline the cytoplasm becomes distinctly yellowish green. The bacteria 
in the culture fluid used containing phenol red were colorless and the fluid was yel- 
low or pink, depending upon the hydrogen-ion concentration. In the food-vacuoles 
the bacteria, regardless of the hydrogen-ion concentration of the culture fluid, be- 
came dark yellow as the vacuoles decreased in size, but the fluid around them re- 
mained colorless. Then as the vacuoles enlarged the fluid and the bacteria be- 
came faintly but distinctly pink (pH 7.4) in some of them and colorless in the rest. 
These results are essentially in accord with those obtained by Shipley and DeGaris 
(1925). 

Stained yeast-cells became distinctly yellow in the acid and distinctly pink in 
the alkaline culture fluids used. In the food-vacuoles the pink yeast-cells became 
yellow and the yellow ones remained yellow as the vacuoles decreased in size, the 
fluid remained colorless. In about five percent of the vacuoles, especially those 
which contained only a few yeast-cells, both kinds became faintly but distinctly pink 
in color similar to stained yeast-cells in buffer pH 7.4, as the vacuoles enlarged. 
In the rest they remained either yellow or became colorless. No definite correla- 
tion between the hydrogen-ion concentration of the surrounding medium and the 
changes in the color of the content of the vacuoles was observed. 

These results indicate that the maximum alkalinity reached in the food-vacuoles 
varies greatly in different vacuoles but that it never exceeds pH 7.4. Phenol red is, 
however, not very satisfactory for the measurement of the hydrogen-ion concentra- 
tion of the content of food-vacuoles; for the changes in color are rather indefinite 
and the color of buffer solutions is at best not closely correlated with their hydro- 
gen-ion concentration. 


Brom thymol blue 


The bacteria in the culture fluid, both acid and alkaline, containing brom thymol 
blue were colorless. They were consequently colorless when they entered the food- 
vacuoles. No changes in color in them or in the fluid around them was observed 
as they passed through the body. 

In the alkaline culture fluid used the stained yeast-cells became blue, and in the 
acid culture fluid yellow. The blue yeast-cells which were ingested became yellow 
almost immediately after the food-vacuoles left the pharynx, and in all the food-vacu- 
oles which contained more than about four, they remained yellow until they were 
eliminated or became colorless; but in the food-vacuoles which contained fewer 
than about four they became (after the vacuoles had enlarged) greenish blue, about 
the shade assumed by stained yeast-cells in buffer pH 7 or 7.2. No difference in 
shade was observed in the acid and the alkaline culture fluids used. 

These results indicate, therefore, that the maximum alkalinity attained by the 
content of the food-vacuoles is not greater than pH 7 or possibly 7.2, i.e., not so 
great as the results obtained with nile blue and phenol red indicate. The changes 
in the color of yeast-cells stained with brom thymol blue is, however, so elusive in 
the food-vacuoles that they indicate but little concerning the hydrogen-ion concentra- 
tion of the fluid around them. 
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Cresol red 


The bacteria in culture fluid containing cresol red were colorless when they were 
ingested, and no change in color was observed in them as they passed through the 
body. 

The stained yeast-cells became light yellow in the acid culture fluid used and 
light pink in the alkaline. In the food-vacuoles they remained or became yellow 
as the vacuoles decreased in size and then, with a very few exceptions, either be- 
came colorless or remained yellow until they were eliminated, i.e., they did not change 
color after the vacuole had enlarged. In a few instances, however, the yellow 
yeast-cells assumed a light pink color, about like buffer pH 7.8. 

It is evident that the results obtained with the four dyes used differ considerably. 
They seem to indicate however that the alkalinity of the content of some of the 
food-vacuoles is nearly, if not quite so high as pH 7.8 but that it is much lower 
in most of the vacuoles. They also indicate the maximum alkalinity varies some- 
what with the acidity of the fluid ingested. 


THE ORIGIN OF THE ACID AND THE BASE IN THE Foop-V ACUOLE 


It is widely held that the acid and the base in the food-vacuole are secreted by 
the adjoining cytoplasm (Greenwood and Saunders, 1894; Nirenstein, 1905; Lund, 
1914; Howland, 1928; Claff et al., 1941; and others). However, Mast (1942) con- 
cludes that in Amoeba the acid originates in the vacuoles and increases in concentra- 
tion owing to impermeability of the vacuolar membrane to the acid and loss of 
water, and that the subsequent increase in alkalinity is due to diffusion of alkaline 
fluid from the cytoplasm into the vacuoles, that is, that “the cytoplasm secretes neither 
acid nor base.” And Mast and Bowen (1944) conclude that in the Peritricha, 
“The increase in the acidity of the content of the vacuole is probably due to the 
production of acid, owing to metabolism in the peristome, the vestibulum and the 
pharynx and impermeability of the vacuolar membrane to organic acid, resulting in 
its retention and consequent concentration as the vacuole decreases in size.” Mast 
and Bowen (p. 213) present strong evidence in support of their conclusion. This 
evidence applies equally well to the food-vacuoles in Paramecium and leads to the 
same conclusion. It should be emphasized, however, that secretion of acid by the 
cytoplasm adjoining the vestibulum and the pharynx is by no means ruled out. 

The increase in alkalinity in the food-vacuole in Paramecium is doubtless 
brought about in the same way as it is in the Peritricha, i.e., by entrance of alkaline 
fluid from the cytoplasm. According to these views the cytoplasm adjoining the 
food-vacuoles does not secrete either acid or base. 


THE FUNCTION OF THE CHANGES IN THE HyDROGEN-ION CONCENTRATION 
IN THE Foop-VACUOLE 


It is maintained by Hemmeter (1896), Nirenstein (1925), Howland (1928), 
and Claff et al. (1941) that the organisms ingested by protozoa are killed by the 
acid in the food-vacuoles and that this is its primary if not its only function. There 
is, however, strong opposition to these contentions. 

Fortner (1933) holds that in Paramecium caudatum the ingested organisms are 
killed by a toxic substance. He asserts that this substance is formed in the neutral- 
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red granules, and that these granules pass through the vacuolar membrane into the 
food-vacuole shortly after it has left the pharynx, and release the substance there. 

These assertions are certainly not strictly valid, for as demonstrated above, the 
neutral-red granules do not enter the food-vacuole. It might be, however, that 
since some of them are in close contact with the vacuolar membrane when the food- 
vacuole leaves the pharynx, toxic substance diffuses from them into the vacuole and 
kills the ingested organisms. It is however far more likely that if toxic substance 
is involved in this phenomenon, it is secreted by the wall of the pharynx and taken 
up by the fluid which passes into the forming food-vacuoles, and that it there (owing 
to impermeability of the vacuolar membrane and loss of water) increases in con- 
centration and consequently becomes lethal. At any rate, there is much evidence 
that the pharynx secretes substances which pass into the forming food-vacuole. 

Fortner (1933) found that if numerous crushed bacteria are added to culture 
fluid containing live bacteria and paramecia the ingested bacteria are not killed, and 
that the vacuoles, as previously stated, do not decrease in size. This seems to show 
that death of the bacteria depends upon decrease in the size of the vacuoles. If this 
is true, it lends support to the hypothesis that the bacteria in the food-vacuole are 
killed by toxic substance which has been concentrated in the food-vacuoles owing 
to loss of water and impermeability of the vacuolar membrane to the toxic substance. 

Mast (1942) in observations on Amoeba and Mast and Bowen (1944) in ob- 
servations on the Peritricha present strong evidence that the acid in the food-vacuoles 
in these protozoa does not become sufficiently concentrated to kill the ingested or- 
ganisms and the results presented above seem to show that this also obtains for most 
of the food-vacuoles in Paramecium. Mast concludes that in Amoeba the primary 
lethal factor in the food-vacuole is reduction of oxygen, owing to respiration and loss 
of water, and Mast and Bowen accept this view in reference to the Peritricha, but 
they present no evidence in support of it and none was obtained in the present ob- 
servations on Paramecium. 

No one has observed any indication of digestion in the food-vacuole during its 
acid phase. Nirenstein (1905) thinks, however, that there are invisible preliminary 
changes. However this may be, it is practically certain that the osmotic concen- 
tration of the fluid in the vacuole increases greatly during this phase, and it may well 
be that this is caused by hydrolysis of complex compounds, owing to the presence of 
acid, and that this causes the rapid inflow of fluid from the cytoplasm, which probably 
contains digestive enzymes. If this is true, the acid in the food-vacuoles obviously 
functions, at least indirectly, in digestion. There are consequently several hypothe- 
ses concerning the function of the acid in the food-vacuole but there is not much 
evidence in support of any of them. 

It has been conclusively demonstrated that digestion in the protozoa takes place 
largely, if not entirely, in the food-vacuoles during the alkaline phase, but since this 
phase seems to be merely the result of inflow of fluid from the cytoplasm, digestion 
is not correlated with anything in the nature of secretion of alkaline substance. 


DIGESTION 


Nirenstein (1905) made detailed observations on bacteria, yolk granules, fat 
globules, and starch grains in the food-vacuoles in Paramecium caudatum. He says 
he observed no indication of digestion in any of these substances until after the fluid 
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in the vacuoles had become alkaline, but that after this had occurred the bacteria and 
the yolk granules gradually decreased in number and finally disappeared entirely and 
some of the starch grains corroded. He was at this time in doubt about the fate of 
the fat globules, but he later (1910) presented evidence which strongly indicates 
that fat is hydrolyzed in the food-vacuoles. 

Nirenstein’s views concerning the time of digestion in the food-vacuoles in 
Paramecium and the digestion of proteins have been adequately confirmed ; his con- 
tention that paramecia digest starch is supported by results obtained by Pring- 
sheim (1928) and Zingher (1933) in observation on Paramecium caudatum; and 
his contention that they digest fat is indirectly supported by results obtained by 
Dawson and Belkin (1929), Mast (1938), and Wilber (1942) in observations on 
Amoeba and Pelomy-xa. 

I repeated Nirenstein’s observations and obtained results which are in harmony 
with his. It should be emphasized, however, that in my experiments only a very 
small proportion of the starch (wheat and potato) ingested by the paramecia was 
digested. Observations by Greenwood (1886), Meissner (1888), and Mast and 
Hahnert (1935) indicate that this also obtains for Amoeba. Indeed, it is doubtful 
whether in this organism any starch is digested except that which is in other organ- 
isms which have been ingested. 


THE ORIGIN OF THE DIGESTIVE ENZYMES AND THE FUNCTION OF THE NEUTRAL- 
Rep GRANULES AND THE MITOCHONDRIA 


The fact that protein, starch and fat are digested in the food-vacuoles in Para- 
mecium shows that these vacuoles contain peptidase, amylase, and lipase, and the fact 
that digestion does not begin until after the fluid in the vacuole has become alkaline 
shows that these enzymes are active in a basic medium. The questions now arise 
as to where these enzymes originate and how they get into the food-vacuoles. 

Prowazek (1898) who, in observations on paramecia, discovered the neutral- 
red granules and their tendency to aggregate at the surface of the forming food- 
vacuole, maintains that they contain digestive enzymes. He consequently called 
them “Fermenttrager”. He offers no explanation as to how the postulated enzymes 
in the granules get into the vacuole, but Nirenstein (1905) who accepts Prowazek’s 
contentions, holds that the granules pass through the vacuolar membrane and carry 
the enzymes into the vacuole. He asserts that, in paramecia in culture fluid con- 
taining neutral red, he observed red granules appear in food-vacuoles shortly after 
they had left the pharynx. He consequently concluded that the red granules in the 
food-vacuoles came from the cytoplasm and passed through the vacuolar membrane 
into the food-vacuoles and that the enzymes in the vacuoles are carried in by these 
granules. 

These conclusions are supported by Rees (1922), Bozler (1924), Fortner 
(1926), Volkonsky (1929), Miller (1932), and MacLennan (1941, p. 129). All 
these investigators hold that in Paramecium the neutral-red granules actually pass 
through the vacuolar membrane and carry enzymes into the food-vacuoles. None of 
them, however, maintains that he saw this. Their contention is based largely on 
Nirenstein’s observation of the appearance of red granules in the food-vacuoles. 
It is, however, obvious that these granules may have entered the food-vacuoles by 
way of the pharynx. The evidence in support of the contention that neutral-red 
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granules pass from the cytoplasm into the food-vacuoles in Paramecium is therefore 
very weak. There is, however, evidence which strongly indicates that in some other 
organisms neutral-red staining substance actually passes from the cytoplasm into 
the food-vacuoles. 

MacLennan (1936) asserts that in /chthyophthirius neutral-red staining sub- 
stance becomes attached to particles of food which are naked in the cytoplasm, that 
these particles aggregate, and that a membrane then forms, enclosing them, to- 
gether with some fluid, in a vacuole. He thinks that the neutral-red staining sub- 
stance contains digestive enzymes. Hopkins and Warner (1946) hold similar views 
regarding the food-vacuoles in Entamoeba histolytica and they maintain, moreover, 
that they actually saw globules pass through the vacuolar membrane into and out of 
the food-vacuoles. 

The idea that granules or globules carry enzymes into the food-vacuoles, is con- 
sequently widely held. There is, however, evidence which very strongly indicates 
that this does not obtain in Paramecium. 

Khainsky (1911) studied the food-vacuole of Paramecium caudatum in fixed 
and stained specimens and in living specimens. He obtained no evidence which in- 
dicates that granules or globules pass from the cytoplasm into the food-vacuoles. 
He maintains, however, that neutral-red staining globules form in the vacuole and 
pass out through the vacuolar membrane. Koehring (1930) made extensive ob- 
servations on neutral-red granules in various protozoa. She concludes that they 
function as enzyme carriers in all, but that they do not enter the food-vacuoles. 
Referring to Paramecium caudatum she says (p. 67): “As the new vacuole is being 
formed they [the neutral-red granules] gather at the membrane, bombarding it like 
hailstones, but making no impression on the firm surface. Then as this vacuole 
flows away attached by its canal . . . some of the granules leave this vacuole and 
return to the next, which is already in the process of formation. Those left con- 
tinue bombardment of the vacuole as the pink color slowly forms within.” 

Dunihue (1931) asserts that in Paramecium caudatum the surface of the form- 
ing food-vacuoles becomes “closely packed” with neutral-red staining globules 
“which remain firmly attached throughout most of the digestive period” and do not 
enter the vacuoles. 

As stated in a preceding section, I made under most favorable conditions in- 
tensive observations on the neutral-red granules at the surface of food-vacuoles 
throughout their entire existence and obtained no evidence indicating that visible 
granules or globules of any kind ever pass through the vacuolar membrane into 
or out of the food-vacuoles in Paramecium. What, then, was the origin of the 
red granules observed by Nirenstein in the food-vacuoles in Paramecium? 

These granules doubtless originated in substance ingested by the paramecia. At 
any rate it has been clearly demonstrated that this occurs in Amoeba proteus (Mast 
and Hahnert, 1935; Mast and Doyle, 1935). It can therefore be concluded that 
the neutral-red granules found in the cytoplasm in Paramecium do not enter the food- 
vacuoles. This does not, however, demonstrate that they are not involved in diges- 
tion. If they contain enzymes it may be that in aggregating at the surface of the 
food-vacuoles the concentration of enzymes is increased and that this facilitates their 
diffusion into the vacuoles. The facts, however, that there is a marked flow of 
fluid out of the vacuole during the entire time that the aggregation of these granules 
is prominent and that most of the granules usually leave the surface of the vacuoles 
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long before digestion begins, seem to militate against this possibility. Moreover, 
Hall and Dunihue (1931) and Mast and Bowen (1944) found that in Vorticella 
and other Peritricha the neutral-red granules do not aggregate at the surface of the 
food-vacuoles, and Mast (1926) found that in Amoeba there are none. They are 
therefore certainly not functional in digestion in the latter and very probably not in 
the former. The evidence in support of the contention that they function in diges- 
tion in Paramecium is therefore negligible. What, then, is their function in this 
organism? 

Fortner (1926, 1928) maintains that they originate in the cytoplasm adjoining 
the nucleus, that they contain protein and fat, and that they decrease greatly in 
number during starvation. If these contentions are valid, the composition of the 
granules and their disappearance seem to suggest that they are reserve food; but, 
if this is what they are, why do they originate near the nucleus, and why do they 
aggregate at the surface of the food-vacuole during its formation? The function 
of the neutral-red granules in Paramecium is apparently still decidedly hazy. 

Horning (1926a) contends that in Amoeba sp. janus-green staining bodies 
(mitochondria) aggregate among particles of food in the cytoplasm and that a mem- 
brane then forms and encloses the food and the mitochondria in a vacuole. He says 
that in Paramecium sp. mitochondria “are extruded from the cell protoplasm 
[through the vacuolar membrane] into the food vacuoles” during the alkaline phase. 
He concludes that the mitochondria in these protozoa function in carrying digestive 
enzymes to the ingested food. Volkonsky (1934) does not agree with Horning. 
He maintains that the mitochondria do not enter the food-vacuoles and that they do 
not take part in digestion in protozoa. 

As stated above, I was unable to see any particles pass from the cytoplasm into the 
food-vacuoles in Paramecium. Hall and Nigrelli (1930) could not obtain any evi- 
dence of mitochondria in the food-vacuoles in V orticella, and Mast and Doyle (1935) 
in an intensive study of the movement of the mitochondria in Amoeba proteus under 
very favorable conditions concluded that they do not pass into the food-vacuoles. 
They found that the mitochondria move about in the cytoplasm freely and often 
come in contact with the surface of the food-vacuoles in all stages of development and 
at times form aggregations at the surface, but that none pass into the vacuoles. 
These observations and others led them to conclude that the mitochondria in Amoeba 
“probably function in transferring substances from place to place in the cytoplasm.” 

Holter and Kopac (1937) maintain that in centrifuged specimens of Amoeba 
proteus, the mitochondria are in a fairly well defined stratum but that the enzyme, 
peptidase, is not stratified. They consequently conclude that this enzyme is not 
associated with mitochondria. However, Holter and Doyle (1938) in similar tests 
found that amylase and mitochondria in Amoeba tend to accumulate in the same 
stratum. These results seem to indicate that this enzyme is attached to the mito- 
chondria. The authors do not, however, hold that this association is proved. 

The evidence in support of the contention that the mitochondria and the neutral- 
red granules in Paramecium are enzyme carriers is therefore, as yet, far from con- 
vincing. Where, then, do the digestive enzymes in the food-vacuoles come from? 

Some doubtless come from the organisms and other substances which have been 
ingested and the rest are, I think, as previously stated, carried from the cytoplasm 
into the vacuoles with the fluid that enters during the rapid enlargement of the vacu- 
oles at the beginning of the alkaline phase. Where and how the enzymes in the 
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cytoplasm originate is not known. Fortner (1926), as stated above, maintains that 
the neutral-red granules are formed in the cytoplasm adjoining the nucleus. He 
holds that the enzymes are closely associated with these granules and consequently 
concludes that they also originate in this region. The validity of the contention that 
the enzymes are closely associated with the neutral-red granules is, however, very 
doubtful. The evidence in support of Fortner’s conclusion is, therefore, very weak. 
It is known however that in Chilomonas paramecium enzymes are synthesized in the 
protoplasm, for this organism can be grown on known simple chemical compounds 
( Mast and Pace, 1933), but how and where they are synthesized and what they are, 
chemically, is not known, and this can also be said of the enzymes in other protozoa. 


SUMMARY 


1. The feeding apparatus in Paramecium consists of a shallow ciliated groove, a 
ciliated tube which leads into the body, and a bundle of fibers (esophageal fibers) 
which extend from the tube nearly to the posterior end of the body. The tube is 
composed of an outer part (the vestibulum) and an inner part (the pharynx). 

2. Paramecia ingest all sorts of small particles, but more digestible than in- 
digestible ones. Selection takes place in the vestibulum and the proximal end of 
the pharynx. 

3. In forming a food-vacuole, the cilia in the pharynx force fluid with particles 
in suspension against the membrane over the distal opening of the pharynx, pro- 
ducing a sac, the esophageal sac. 

4. As the esophageal sac enlarges, the particles in suspension in it become greatly 
concentrated, owing largely, if not entirely, to the passage of water out through the 
membrane into the cytoplasm. 

5. A portion of this sac is constricted off, as a food-vacuole, probably by the 
action of the esophageal fibers. 

6. The initiation of the constriction of the sac is probably due to periodicity in 
the constrictive action of the fibers, the size of the sac, and the composition of its 
contents. 

7. There is much variability in the size of the food-vacuoles. This is correlated 
with the quantity and the quality of the particles in the surrounding fluid, the chem- 
ical composition of this fluid, the rate of ingestion, the rate of loss of water from the 
esophageal sac, and the length of the intervals between consecutive constrictions of 
the esophageal fibers. The frequency of formation of food-vacuoles is correlated 
with the quantity and the quality of the particles in the surrounding fluid and the 
acidity, and the temperature of this fluid. The shape of the food-vacuoles depends 
largely, if not entirely, upon the viscosity of their content. 

8. After the food-vacuole has left the pharynx it passes rapidly on a fixed course 
toward the posterior end of the body, and slowly on a varied course to the anus. 
The former is probably due to the action of the esophageal fibers; the latter is due 
to cyclosis. 

9. On its course through the body, the food-vacuole usually decreases greatly 
in size, and the acidity of its content increases greatly ; then it enlarges very rapidly 
and the acidity of its content decreases greatly. The extent of these changes varies 
enormously. Under some conditions there are no perceptible changes ; under others 
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the acidity in some vacuoles increases to a maximum at least as high as pH 1.4 and 
then decreases approximately to pH 7.8. 

10. There is no “preliminary alkaline phase” of the food-vacuole. 

11. The change in acidity is definitely correlated with change in size. The 
changes in size are due to difference between internal and external osmotic concen- 
tration and the action of the stretched vacuolar membrane. The increase in acidity 
is probably due to secretion of acid by the cytoplasm adjoining the vestibulum and the 
pharynx and to impermeability of the vacuolar membrane to hydrogen-ions, and loss 
of water. The decrease in acidity is due to entrance of alkaline fluid from the cyto- 
plasm. 

12. The increase in acidity probably causes hydrolysis and thereby increase in 
osmotic concentration resulting in inflow of fluid containing digestive enzymes. 

13. Death of ingested living organisms is probably largely due to toxic substance 
produced by the pharynx and concentrated in the food-vacuole, owing to imperme- 
ability of the vacuolar membrane to it, and loss of water. 

14. Paramecia digest protein, fat, and starch. Digestion takes place during the 
alkaline phase of the food-vacuole. The enzymes involved originate in the cytoplasm 
and are carried into the food-vacuole by the cytoplasmic fluid which enters during 
its rapid enlargement. 

15. The neutral-red granules and the mitochondria are probably not involved in 
digestion. 

16. All these phenomena are essentially the same in the four species studied, 
namely P. caudatum, P. nucleatum, P. aurelia, and P. trichium. 
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POISONING AND RECOVERY IN BARNACLES AND MUSSELS? 


GEORGE L. CLARKE 


Woods Hole Oceanographic Institution? and Harvard University, Cambridge, Mass. 


INTRODUCTION 


Previous investigations have shown that the prevention of the attachment of 
organisms to ships’ hulls by antifouling paint is related to the rate of solution of the 
toxic material, and hence, to its concentration in the sea water at the paint’s surface 
(Ketchum, Ferry, Redfield, Burns, 1945). The present investigation was under- 
taken to test the effectiveness of different metallic salts as poisons for two important 
types of fouling organisms and to evaluate them under conditions in which the con- 
centration and ionic form of the toxic materials were accurately known. In earlier 
attempts to test lethal action, supposedly toxic materials have been incorporated in 
paints applied to test-panels or to the inside surfaces of containers and the degree of 
fouling resistance noted, but in most cases no adequate measure was made of the 
concentrations of the toxics which were actually emitted by the paint. In other 
tests, fouling organisms were placed in containers of sea water to which known 
amounts of toxics had been added but without adequate knowledge of the ionic 
transformation of the toxics which ensue in the presence of sea water (Bray, 1919; 
Edmondson and Ingram, 1939; Orton, 1929-30; and Parker, 1924). 

We proposed, therefore, to conduct direct tests of the action of various individual 
metals in graded concentrations and in different chemical forms, on two important 
types of fouling organisms; namely, barnacles and mussels. We desired also to in- 
vestigate the‘relationship between the concentration of various toxics and the ex- 
posure time necessary to kill, in order to ascertain the most efficient concentration 
ofthe poison for the destruction of fouling organisms. 

A second purpose was td follow the course of poisoning and recovery in barnacles 
and mussels when copper was used as the poison. It was desired to measure the 
amount of copper in the tissues and to discover whether death from copper poisoning 
was brought about specifically by the accumulation of a certain amount of the poison 
in the tissues or by the entrance of the copper into the body at a certain rate or for 
a critical period of time. Finally, it was desired to ascertain from*how great a dose 
of copper an animal could recover, and to learn whether, after recovery, the animal 
was more or less susceptible to subsequent exposures of the toxic. 

I am indebted to Mrs. Dayton Carritt for assistance in carrying out the experi- 
ments, to Mrs. Barbara Mott Ferry for chemical analyses, to Dr. John Ferry and 
Dr. Gordon Riley for furnishing toxics, and to Mr. Porter Smith for technical as- 
sistance. I am indebted to the University of Miami for the use of facilities at the 


1 This investigation was made for the Woods Hole Oceanographic Institution under con- 
tract with the Bureau of Ships, Navy Department, which has given permission for its pub- 
lication. The opinions presented here are those of the author and do not necessarily reflect 
the official opinion of the Navy Department or the naval service at large. 

* Contribution Number 360. 
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Marine Laboratory. I also wish to thank Dr. Walton Smith and Dr. Charles 
Pomerat for valuable cooperation. 


OBSERVATIONS ON ADULT BARNACLES AND MUSSELS 


The effectiveness of various poisons was investigated first using the barnacle as 
a test animal, since the barnacle is generally the most serious offender as a fouling 
organism. Adult barnacles were employed for the majority of the experiments at 
Woods Hole, but one set of tests was conducted on nauplii which had been dis- 
charged in a laboratory tank. Although attachment of the barnacle takes place pre- 
vious to the adult stage, there is evidence that a poisoned barnacle is less securely 
attached than a normal animal and may be more easily dislodged. Special interest 
centers about the poisoning of the cyprid, since this is the attaching stage. In view 
of the fact that cyprids could not be obtained in sufficient numbers at Woods Hole, 
experiments on this stage were conducted at Miami Beach, Florida. Mussels, 
which are of relatively large size, were found advantageous for other tests, especi- 
ally those involving the copper assay of living tissue. 


Source and preparation of material 


Certain of the present tests were carried out with Balanus balanoides growing on 
stones obtained near low tide mark at Woods Hole. In later tests Balanus eburneus 
was employed, obtained through the kindness of Dr. Stanley Cobb, from a wharf in 
Cotuit Harbor. Parts of the wharf were removed and transported to the laboratory 
tanks. The barnacles were kindly identified by Dr. Richard McLean. 

For the experiments with B. balanoides the material was collected on the same 
day that the tests were begun. Single stones bearing 10 to 30 barnacles (ranging 
from 3 mm. to 10 mm. in diameter) were placed in individual beakers or culture 
dishes containing from 250 cc. to 500 cc. of sea water with or without toxic. For 
the work using B. eburneus, a stock of animals attached to fragments of wood was 
maintained in large battery jars provided with running sea water. In preparation 
for the tests it was necessary to split and saw the pieces of wood into blocks of con- 
venient dimensions. Blocks about 4 cm. to 6 cm. square, each bearing 10 to 20 
barnacles ranging from 4 mm. to 20 mm. in diameter, were similarly placed in indi- 
vidual containers. In other experiments larger blocks. bearing several hundred 
barnacles were placed in battery jars of 8 liters capacity or more. 

With both species of barnacles it was found that when the sea water was re- 
newed daily, the animals in the individual containers remained in a healthy condition 
for several weeks. There were evidently enough food particles in the sea water 
supplied to provide a maintenance diet. Faecal material was produced in abun- 
dance but the barnacles grew little, if at all. 

The mussels employed were the common species in the Woods Hole region, 
Mytilus edulis, obtained from the dock and float of the Oceanographic Institution. 
The mussels were placed individually or in batches in culture dishes or large battery 


jars. The animals began attaching their byssus threads to the bottoms or sides of 
the containers almost immediately. If the sea water was renewed each day, the 
mussels continued in healthy condition indefinitely, apparently obtaining sufficient 


nutriment from the food particles present in the sea water. 














POISONING IN BARNACLES AND MUSSELS 


Behavior during poisoning 


When barnacles were placed in the toxic media, they opened their shells and be- 
gan raking or filtering the water with their cirri as soon as did the controls in fresh 
sea water. Ordinarily this took place within a few minutes. If the concentration 
of the poison was such as to kill the barnacle within two or three days, the animals 
would begin to show signs of bad condition after about 12 hours. The first symptom 
was the slowing down of the beat of the cirri and soon thereafter their sweep became 
reduced in extent. As poisoning progressed, the movement of the cirri became 
still slower and more curtailed until they opened to only one-half or one-quarter of 
their usual scope. When the poisoned barnacle stopped filtering, it tended to come 
to rest with the cirri half extended, in contrast to the healthy animal in which the 
cirri are drawn completely in and the shell tightly closed during rest. In the 
poisoned animal, the shell could at first be caused to close by prodding it with a 
needle. After further poisoning, when no response could be elicited by stimulation 
with the needle, the barnacle was considered dead. The following symbols are used 
in the tables to designate these conditions: 


++++ normal rapid sweep of cirri 
+++ full sweep but slow 
++ incomplete sweep 
+ open, inactive, but reacts to touch 
0 dead 


If the barnacle was replaced in fresh sea water (preferably running sea water) 
within a day of the time it reached the next to last condition (+), it would usually 
recover completely its full activity after a few days. 

In the case of the mussel, the change in condition as poisoning progressed was 
less easily observed. In the higher concentrations of the toxics, the animals failed 
to attach themselves to the walls of the containers and tended to remain closed for 
long periods. When placed in weaker solutions, however, many of the mussels be- 
came strongly attached and remained with their shells open to the normal extent to 
allow the inflow and outflow of water. In either case, after poisoning had progressed 
to a certain point, the valves were found gaping wide open. When this condition 
was first reached, the animal responded to prodding by closing slowly. <A day later, 
or less, no response would follow such stimulation and the animal was considered 
dead. Once the mussel reached the stage in which it gaped open more than normal, 
though it might still react, it would not recover when placed in fresh sea water. 
In fact, mussels were frequently observed to die many days after having been trans- 
ferred from the toxic solution into fresh sea water although outwardly they appeared, 
to be in normal condition in the interim. 


Toxicity of various metallic salts to barnacles 


The toxicity of the following metals was investigated: copper, mercury, silver, 
and zinc. The last three of these was tested as the ions which resulted from the 
introduction into the sea water of HgCl,, AgSO,, and Zn (NO,), respectively. The 
copper, on the other hand, was tested not only in the form of basic cupric carbonate, 
but also as cupric citrate, cupric tartrate, cupric salicylate, and cupric para amino- 
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benzoate. The interest in these other compounds of copper lies partly in the pos- 
sibility of revealing important differences in toxicity. Of further significance is 
the fact that these substances are much more soluble in sea water than is basic 
cupric carbonate. Therefore, when copper is supplied in the form of these more 
soluble ions, it is possible to establish a high concentration of the toxic in the water 
adjacent to the surface from which the material is free to dissolve. 

Individuals of Balanus balanoides were placed in beakers or jars containing 
graded concentrations of toxics in sea water with a control for each series. Since 
the media were renewed each day, the danger of significant changes in concentra- 
tion due to such causes as adsorption was minimized. The minimum concentrations 
necessary to kill 90 per cent of the barnacles after continuous exposures of two days 
and five days are indicated in Table I. Among the various forms of copper, the 


TABLE | 


The concentrations of various metallic salts necessary to kill 90 per cent of adult barnacles after 
continuous exposures for the indicated periods. Concentrations are expressed 
as milligrams of metal per liter of sea water 


Concentration Concentration 





Toxic | lethal in | lethal in 
2 days 5 days 
| mg./liter mg./liter 
Series I | 
Basic Cu Carbonate 0.35 — 
Basic Cu Carbonate 0.48 — 
Balanus balanoides Cu Citrate 0.60 | 0.18 
from Cu Citrate 0.60 0.30 
Woods Hole harbor Cu Tartrate 0.58 0.17 
HgCl, 1.0 0.5 
Zn(NQs3)2 Sz. | 8.0 
Series II 
Basic Cu Carbonate 0.28 0.14 
Balanus eburneus Cu citrate 0.55 0.14 
from Cu salicylate 0.90 0.45 
Cotuit harbor Cu para aminobenzoate — 0.50 


basic cupric carbonate was the most effective but the concentrations of the citrate 
and tartrate necessary to kill were only slightly greater. The toxicity of silver as 
silver sulphate was of the same order of magnitude but somewhat greater concen- 
trations of mercury as mercuric chloride were required. The effectiveness of zinc, 
on the other hand, was very much less than any of the other substances tested (cf., 
Riley, 1943). 

Experiments with Balanus eburneus indicated similarly that the lethal action of 
cupric citrate is somewhat less than that of basic cupric carbonate although the 
magnitude of the difference is not great. The toxicity of cupric salicylate and cu- 
pric aminobenzoate were somewhat less than the citrate. 

In view of the fact that the toxicity of cupric citrate was found to be almost as 
great as that of basic cupric carbonate, and since stock solutions of higher and less 
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variable concentrations could be maintained, the tests which follow were conducted 
with the citrate. 


Relation between concentration of cupric citrate and killing time 
Barnacles 


With the higher concentrations of cupric citrate in which killing occurred within 
a few days, adult barnacles all succumbed at about the same time, but at the lower 
concentration it was difficult to determine accurately when the barnacles should be 
considered dead. At still greater dilutions of the toxic, it was found that most of the 
animals lived on in a feeble condition for two or three weeks or more. Further- 
more, there was considerable variation from experiment to experiment, which was 
no doubt due not only to individual differences in the batches of barnacles, but also 
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Figure 1. The relation between killing time and concentration of toxic for two 
species of barnacles. 


to unavoidable changes in the seasonal condition and in the age of the animals. 
No consistent trend appeared in relation to the latter conditions except that barnacles 
in the nauplius stage were killed much more quickly than the adults, as noted below. 

For both B. balanoides and B. eburneus, the killing time ranged between two and 
five days for concentrations of 0.60 to 1.00 mg. Cu/liter. At 0.22 mg./liter the 
animals succumbed after ten days. At concentrations of 0.06 mg./liter and less, the 
animals remained alive for two weeks or more. When the reciprocal of the killing 
time was plotted against the concentration, as in Figure 1, a roughly linear relation 
was found. The approximate linearity of this relation indicates that the rate of 
action of the poison is directly proportional to its concentration. 

The results of a series of tests on the poisoning of nauplii, made on the day of 
their release from the brood pouch, are shown in Table II]. They indicate that the 
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TABLE I] 


Effect of concentration of cupric citrate on the survival of nauplii of Balanus eburneus. 
August 25-27, 1942 


concentration After 22 hrs. After 29 hrs. After 48 hrs. 
mg. Cu/liter 


1.00 | all dead 


0.50 all dead 

0.25 all dead - 

0.13 75% alive all dead — 

0.06 75% alive 50% alive 1% alive 

0.03 100% alive 95% alive 5% alive 
Control 100% alive 95% alive 5% alive 
Control 100% alive 95% alive 10% alive 


nauplii are killed after much shorter exposure than is the case with the adults. The 
test was not very satisfactory because the controls lived for only about two days. 


Mussels 


The experiments on the mussel, Mytilus edulis, indicate that it is much more sen- 
sitive to cupric citrate than the barnacle (Tables III and IV). A half-day ex- 
posure to 0.55 mg. Cu/liter was sufficient to kill the three mussels in this concentra- 
tion. One animal in each of the experiments succumbed following a half-day ex- 
posure to a concentration of only 0.14 mg. Cu/liter. With adult barnacles, ex- 
posures of two days and five days are required for killing at these concentrations. 
In these tests, and in many others with mussels, death did not ensue until several 
days after the animals had been transferred to fresh sea water. In one case the 
mussel did not die until the tenth day following a half-day exposure to the poison. 
In most cases the animals showed no outward sign of unhealthy condition in the 
interim. 


TABLE II] 


Relation of killing time to concentration of cupric citrate in the mussel, Mytilus edulis. In each test 
three animals (about 3 cm. long) were placed in each toxic solution for the periods 
indicated and then transferred to fresh sea water. Started August 6, 1942 








Concentration lime in toxic Killing time 
mg. Cu/liter days days 
0.55 } 4, 8, 10 
1 2,3, 4 
? 2 3 
» ' 
3 y i ' 
0.14 5 4, *, 
1 a ae 
2 3,4, 4 
3 3,4, 4 


* Still alive when experiment terminated on August 18. 
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TABLE IV 


Relation of killing time to concentration of cupric citrate in the mussel, Mytilus edulis. In each test 
two animals (about 3 cm. long) were placed in each toxic solution for the periods indi- 
cated and then transferred to fresh sea water. Started August 10, 1942 


Concentration Time in toxic Killing time 





mg. Cu/liter days days 
0.14 } ae 
1 3, 4 

0.08 4 by igs 
1 * 7 

2 6, 8 

0.04 j hs 
1 * * 

2 . * 

3 &* 

0.02 1 ae 
2 - * 

4 * * 


* Still alive when experiment terminated on August 20. 


Accumulation of copper in barnacle tissues during poisoning and recovery 


Several series of experiments were undertaken to determine the extent to which 
copper accumulated in the tissues of the barnacles subjected to solutions of cupric 
citrate. Since the shell material of the barnacle is several times greater in volume 
and many times greater in dry weight than the soft tissues, a technique was devel- 
oped for the copper assay of both constituent parts of the animal separately. The 
number of barnacles used for a single analysis varied from 15 to 40 with the size and 
expected copper content. In the earlier experiments, the animals were chiseled free 
from the substratum, but in so doing all the fluid material was lost, and bits of 
broken shell were sometimes included with the soft parts. In the later experiments 
the soft tissues were taken from the shell without disengaging the animals from the 
substratum by removing the operculum and picking out the soft parts with forceps. 
The fluid material, which was removed with a pipette, and the tissues were then 
placed in a weighed Erlenmeyer flask. In the case of mussels, a much smaller num- 
ber of animals was used. The relatively large amount of sea water within the mantle 
cavity of the mussel was drained off and discarded before removing the soft parts. 

The wet weight of the soft tissues of barnacles and mussels was obtained and the 
approximate volume of the wet tissue was determined by forcing it into a graduated 
cylinder.’ The material was transferred quantitatively to a flask, dried in an oven 
at 100° C., and the dry weight determined. Enough H,SO, was added to char the 
material. It was heated to fumes on a hot plate, and concentrated HNO, was added 
dropwise until a colorless solution was obtained. The solution in the flask was 
transferred quantitatively to a 100 cc. volumetric flask and diluted to the mark. 
Test for copper was made by the carbamate method (Coulson, 1937). A blank to 
which the same amount of reagent was added was also carried through the above 
procedures. In the analysis of barnacle shells, the wet weight of the shells was first 


3 In the early experiments, volume in cubic centimeters alone was determined, but was sub- 
sequently found to be very nearly equal to the wet weight in grams. 
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determined. The shells were then dried in the oven at 100° C. overnight and the dry 
weight determined. The material was ignited in the muffle furnace at 800°-900° C. 
for three hours, removed and cooled. Two cubic centimeters of concentrated HCl 
were added, warming if necessary to dissolve.‘ The remainder of the analysis fol- 
lowed the same procedure as with the soft tissues. 

Determinations revealed that the amount of copper in the shell tissue of both 
normal and poisoned barnacles was quite variable. There was also no consistent 
change in the copper content of the shells in the case of batches of poisoned barnacles 
with increasing amounts of copper in the soft tissues. Accordingly, in the later 
experiments the laborious and rather unsatisfactory copper assay of the shells was 
omitted. 

The copper content of barnacles freshly brought into the laboratory is many times 
greater than an equal volume or an equal weight of sea water (Table V). Evi- 
dently under natural conditions, the barnacle tends to accumulate copper in its 
tissues to a considerable extent. 


TABLE V 


Copper content of freshly collected barnacles 
Woods Hole sea water contains 0.00001 to 0.00003 mg./cc. 




















Copper in soft parts Copper in shells 
Species Source a nate aia aee iia alata matt 
mg. mg./cc.* | mg. mg./cc. 
Balanus Cotuit, July 28 50 0.0017 0.0014 | 0.141 | 0.027 
eburneus Cotuit, July 28 50 | 0.0027 | 0.0024 0.097 | 0.014 
mg./g. mg./g. . mg./g. | mg./g. 
=e Wet =. Dry wt. mg. Wet wt. | Dry wt. 
Balanus Cotuit, Aug. 20 50 0.015 0.0038 | 0.008 0.007 | 0.0003 0.0004 
eburneus Cotuit, Aug. 20 40 0.010 | 0.0019 | 0.014 — - 
Cotuit, Sept. 12 30 0.016 0.0011 0.016 
Balanus Woods Hole, July 100 0.029 0.029 0.104 0.069 | 0.0070 | 0.0075 
balanoides Buzzards Bay 50 0.023 | 0.027 0.068 | 0.063 | 0.0065 | 0.0067 


* May be assumed equivalent to mg./g. wet weight. 


In experiments designed to test whether barnacles could accumulate copper in 
their tissues, it was found that the amount of copper present increased rapidly for 
each day that the animals remained in the toxic solution. At the end of four days of 
continuous poisoning in the two concentrations used, all the animals were dead 
(Blocks A and C, Tables VI and VII). However, in those cases in which the bar- 
nacles were transferred to fresh sea water after one or two days, the animals were 
restored to what appeared to be a healthy condition.® Analysis of the tissues of 
the barnacles which had been replaced in fresh sea water showed that the animals 
had not only recovered their activity but also had eliminated a certain amount of 
copper. These barnacles still contained, however, as much as twenty-five times 
the amount of copper found in their tissues before poisoning began. 

*If an excess of CaCO, remained, more acid was added until evolution of CO, ceased. 


5 The recovery of Bugula larvae from copper poisoning was reported by Miller and Cupp 


(1942) and Miller (1946). 
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TABLE VI 
Changes in copper content of soft tissues during poisoning and recovery 


Toxic: Cupric citrate, conc. 0.20 mg. Cu/liter 
Test Animal: Balanus eburneus 
Date: August 3-8, 1942 








Block A Block B 
Initial copper content 0.010 mg. Initial copper content 0.010 mg. 
After 1 day in toxic 0.034 mg. After 1 day in toxic 0.034 mg. 
After 2 days in toxic 0.070 mg. After 1 day in sea water 0.033 mg. 
After 3 days in toxic 0.093 mg. After 2 days in sea water 0.030 mg. 
After 4 days in toxic 0.112 mg. After 3 days in sea water 0.035 mg. 


After 4 days in sea water 0.026 mg. 


Condition at end—dead Condition at end—open, inactive 
but reacts to touch 


* May be assumed equivalent to wet weight. 


TABLE VII 


Changes in copper content of soft tissues after varying exposures to toxic and after recovery 


Toxic: Cupric citrate, conc. 0.35 mg. Cu/liter 

Test Animal: Balanus eburneus 

Date: August 10-17, 1942 

Basis: Copper content per cubic centimeter of soft tissue * 





Block ¢ Block D | Block E 
Initial Cu content 0.002 mg. | Initial Cu content 0.002 mg. | Initial Cu content 0.002 mg. 
After 1 day in toxic 0.024 mg. After 1 day in toxic 0.024 mg. | After 1 day in toxic 0.024 mg. 
After 2 days in toxic 0.073 mg. After 2 days in toxic 0.073 mg. | After 1 day in sea water 0.029 mg. 


After 3 days in toxic 0.089 mg. After 1 day in sea water 0.056 mg. 


After 4 days in toxic 0.075 mg. 


After 9 days in sea water 0.054 mg. | After 6 days in sea water 0.022 mg. 
Condition at end—dead. | Condition at end—cirri give incom- | Condition at end—normal rapid 
plete sweep or full sweep but slow. sweep of cirri. 


* May be assumed equivalent to wet weight. 


These indications that barnacles can take up relatively large quantities of copper 
without being killed and can eliminate the poison to a certain extent were con- 
firmed by more elaborate experiments which were designed primarily to test the 
effects of the toxic and of different periods of exposure and of recovery (Tables 
VIII to XI). These experiments demonstrated that barnacles took up copper 


® In these experiments the dry weight of the soft tissues to be analyzed was determined and 
the copper content stated on the more accurate basis of milligrams of copper per gram of dry 
weight. The dry weight for the soft parts of the barnacle was found to be about 5 per cent 
to 20 per cent of the wet weight. Since this group of experiments was conducted during late 
summer and autumn, there exists the possibility that the results may not be strictly comparable 
with the earlier work. The barnacles tested were necessarily older and larger, and were no 
doubt in a different physiological condition. It was noted that the animals became less active as 
the season progressed, and by late autumn they tended to remain closed for long periods. This 
last fact alone would be expected to cause an important difference in the rate at which toxic 
was absorbed. In general, the animals tended to survive longer in high concentrations of toxic 
in the autumn than they had in the summer. 
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TABLE VIII 


Comparison of changes in copper content of soft tissues during continuous exposure to low concen- 
tration of toxic and intermittent exposure to higher concentration 


Toxic: Cupric citrate, Block F: 0.14 mg. Cu/l.; Block G: 0.22 mg. Cu/l. 
Test Animal: Balanus eburneus 
Date: August 24 to September 28, 1942 
Basis: Copper content per gram of dry weight of soft tissue 
Exposure times indicated for toxic are cumulative totals 








Block F Block G 
Initial copper content 0.014 mg. Initial copper content 0.008 mg. 
After 1 day in toxic 0.05 mg. After 1 day in toxic 0.037 mg. 
After 2 days in toxic 0.08 mg. (Replaced in sea water for | day) — 
After 7 days in toxic 0.33 mg. After 2 days in toxic 0.095 mg. 
After 15 days in toxic 1.09 mg. (Replaced in sea water for 1 day) — 
(Replaced in fresh sea water) \fter 3 days in toxic 0.18 mg. 
After 18 days in sea water 0.39 mg. (Replaced in sea water for 6 days) — 
\fter 4 days in toxic 0.23 mg. 
(0.19 mg.)* 
(Replaced in sea water for 7 days) 0.17 mg. 
After 7 days in toxic 0.48 mg. 


(Replaced in sea water for 16 days) 0.51 mg. 


Condition at end—full but slow sweep Condition at end—full but slow sweep 
of cirri of cirri 


* Batch of dead barnacles. 


faster from the more concentrated toxic media. With the slower rate of absorption 
at the lower concentrations, the animals appeared to withstand higher amounts of 
copper in their tissues. Thus the highest copper content observed for living bar- 
nacles, namely, 1.09 mg. per g. dry weight, was found after fifteen days in 0.14 mg. 
Cu/liter cupric citrate (Table VIII, Block F). In cases in which large amounts 
of copper were absorbed the barnacles tended to live longer and to remain in better 
condition when periods in sea water were alternated with periods in the toxic 
medium. 

In cases where the copper content was determined for the dead barnacles, which 
were found among the living individuals in increasing number as the experiment 
progressed, it was almost invariably true that the amount of copper present was 
less than that for the living specimens from the same block. This observation 
suggests that the entrance of copper and its fixation in the tissues of the barnacle is 
not simply a mechanical process of diffusion or adsorption but is a process which 
is influenced in some way by the metabolic reactions of the living organisms. 

Due to the facts considered above, it is not possible to arrive at any definite 
value for an absolute amount of copper which must be absorbed by the barnacle 
to kill it, nor at any rate of absorption above which death will ensue. The results 
suggest that killing may not be due to the destruction of some vital substance or 
process by the direct action of the copper as much as to a general depressing action 
of the toxic on some function, such as the feeding reaction, to the extent that death 
eventually follows. 


t 
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TABLE 1X 
Comparison of changes in copper content of soft tissues during continuous and intermittent exposures 
to high concentration of toxic and continuous exposure to lower concentration 
Toxic: Block H—Cupric citrate 0.75 mg. Cu/l. Continuous 
Block I—Cupric citrate 0.35 mg. Cu/l. Continuous 
Block J—Cupric citrate 0.75 mg. Cu/l. Alternating daily with sea water 
Test Animal: Balanus eburneus 
Date: September 21 to October 14, 1942 
Basis: Copper content per gram of dry weight of soft tissue 
Block H Block I 
Initial Cu content 0.016 mg. Initial Cu content 0.016 mg. 
After 2 days in toxic 0.17 mg. After 3 days in toxic 0.13 mg. 
After 4 days in toxic 0.30 mg. After 6 days in toxic 0.25 mg. 
After 6 days in toxic 0.38 mg. After 9 days in toxic 0.32 mg. 
After 7 days in toxic (0.33  mg.)* After 11 days in toxic 0.76 mg. 
After 8 days in toxic 0.48 mg. After 14 days in toxic (0.39 mg.)* 
After 11 days in toxic (0.84 mg.)* After 14 days in toxic 0.49 mg. 
After 18 days in toxic (0.43 mg.)* 
After 18 days in toxic 0.60 mg. 
Block J 
Initial Cu content 0.016 mg. 
After 2 days in toxic, 1 day in sea water 0.16 mg. 
After 4 days in toxic, 3 days in sea water 0.13 mg. 
After 6 days in toxic, 6 days in sea water 0.31 mg. 
After 8 days in toxic, 7 days in sea water 0.42 mg. 
After 8 days in toxic, 8 days in sea water 0.25 mg. 
After 10 days in toxic, 9 days in sea water 0.48 mg. 
After 12 days in toxic, 11 days in sea water 0.50 mg. 
After 12 days in toxic, 11 days in sea water (0.48 mg.)* 
* Batch of dead barnacles. 
TABLE X 
Changes in copper content of soft tissues during recovery from various exposures to toxu 
Toxic: Cupric citrate 0.75 mg. Cull. 
Test Animal: B. eburneus 
Date: October 21—November 12, 1942 
Basis: Copper content per gram of dry weight of soft tissue 
Treatment Copper content Condition 
Block L After 3 days in toxic 0.38 mg. ++ 
After 10 days in sea water 0.31 mg. + 
After 14 days in sea water 0.21 mg. + 
Block M After 6 days in toxic 0.38 mg. + 
After 7 days in sea water 0.36 mg. + 
After 14 days in sea water 0.40 mg. ++ 
Block N | After 9 days in toxic 0.58 mg. 0+ 
After 9 days in toxic (0.39 mg.) dead individuals 
j After 7 days in sea water 0.43 mg. + 


After 14 days in sea water 0.39 mg. ++ 
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No barnacles were found to have been killed by the absorption of less than 0.19 
mg. of copper per g. of dry weight—an amount which is ten or more times the normal 
content of the tissues. In many cases animals succumbed after about 0.4 mg. per 
gram of dry weight had been taken up by the tissues. In no case did the barnacles 
absorb more than 1.09 mg. of copper per gram of dry weight. Barnacles which had 
accumulated copper from toxic solutions to the extent of 0.5 mg. to 1.09 mg./g. dry 
weight, in some cases revived when replaced in fresh sea water and were still alive 
two or three weeks later. At the end of the period, when they had regained normal, 
or nearly normal, activity, they contained 0.3 to 0.5 mg. of copper per g. of dry 


TABLE XI . 


Changes in copper content of soft tissues during recovery from 
exposures at high concentrations of toxic 


Toxic: Block O—Cupric citrate 0.90 mg. Cu/l. 
Block Q—Cupric citrate 0.75 mg. Cull. 
Test Animal: B. eburnesus 
Date: October 21—November 21, 1942 
Basis: Copper content per gram of dry weight of soft tissue 








lreatment Copper content Condition 

Block O After 8 days in toxic 0.52 mg. 0+ 

After 8 days in toxic (0.48 mg.) dead individuals 

° ° | 

After 8 days in sea water 0.42 mg. 0+ 
Block Q After 9 days in toxic 0.53 mg. 0+ 

After 9 days in toxic (0.35 mg.) dead individuals 

After 8 days in sea water 0.40 mg. 

After 15 days in sea water 0.35 mg. ++ 


weight. In most instances the barnacles eliminated copper from their tissues, es- 
pecially in cases where a high concentration had been accumulated. Although the 
copper which had been absorbed was never entirely eliminated, and although the 
process was slower than for accumulation, the experiments show that barnacles have 
some ability to rid their tissues of copper. 


Accumulation of copper in mussel tissue during poisoning and recovery 


To determine the amount of copper taken up by the tissues of the mussel when 
subjected to copper solutions, groups of 25 mussels were placed in various con- 
centrations of cupric citrate and were later transferred to fresh sea water after in- 
creasing periods of time. The media were renewed every day. The copper con- 
tent of 20 fresh animals from the same source was assayed at the beginning of the 
experiment and batches of three to five animals were withdrawn from the various 
groups for copper assay after the indicated number of days during poisoning and 
during recovery (Table XII). 

The initial copper content of the mussel tissue was 0.0109 mg. per gram of dry 
weight, roughly the same as for the barnacle. Since the wet weight of the soft 
parts of the mussel was similarly found to be about ten times the dry weight, it is 
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clear that the fresh mussel also contains many times the concentration of copper 
present in the sea water. 

After the first day in the toxic media, the mussels in the more concentrated solu- 
tions had taken up six to eight times their original amount of copper, but in the 
weaker solutions, there was no consistent increase in copper content until after an ex- 
posure of three days. The group of mussels (Group 4) in the weakest solution had 
absorbed only about two and one-half times their initial copper content after five 
days—or less than half the amount the Group | mussels had absorbed in one day in a 
solution five times as strong. In addition, the mussels were found to be able to rid 
their tissues of copper effectively. One day’s sojourn in fresh sea water was suffi- 


TABLE XII 
Changes in copper content of soft tissues of mussel during poisoning and recovery 
Toxic: Cupric citrate 
Test Animal: Mytilus edulis, 25 animals (5 cm. long) in each group 


Date: August 19 to September 5, 1942 
Basis: Copper content in milligrams per gram of dry weight of soft tissue 


Exposure to toxic solution began August 19. The line marks the time when mussels 
were transferred to fresh sea water 















| Concen- | r= Content on indicated date 

Group of Cu | daysin |___ cael ae s 7 
citrate toxic | 

| mg. Cu/l. | | Aug. 20 Ane. 21 | Ans, 2 Aug. 23 | Ang. 2 24 Aus. 25 | Aug. 26 | Sept. 5 
—|—-— eae eee eee Brot 
1 | 0.120 | 1 | 0.066 0.0196 | T we | | = | 
2a 0.082 | 1 = 0.0135 | — | 0.017 - - | 0.0085 
2b | 0.082 | 2 0.084 | 0.031 [9.023 | — | - ~ 7 - | 0.0077 
3 0.049 | 3 0.0076; — | 0.024 0.018 | | 0.017 | 0.0100 
4 0.027 | 5 |0.0135} — | 0.021 | | 0.025 | 0.029 0.0130 

Control 0 | 0 


| 0.0109 | 


* Condition on August 25: Group 1—all dead 
Group 2a—9 dead 
Group 2b—10 dead 
Group 3—3 dead 
Group 4—4 dead 


No further deaths to September 5. 


cient to reduce the amount of copper in the mussels from the strongest solutions by 
more than 70 per cent. In cases where longer exposures were employed (although 
in lower concentrations) more time seemed to be required for the elimination of 
the copper—perhaps because it had penetrated to deeper tissues. At the end of 
about two weeks in sea water, the copper content of the mussel tissue was back to 
normal—a fact quite in contrast to the situation with the barnacle. 

In spite of the fact that after one day in sea water the copper content of the Group 
1 mussels had been reduced at least to the amount reached by the mussels in the 
weaker solutions, all the animals in this group died within five days. Some ir- 
reparable damage had been done by the single day’s exposure to the high concen- 
tration of the toxic. In the lower concentrations only three to four animals died 
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despite exposures to the toxic for three to five times as long. It is possible that the 
mussels in the lower concentrations could eliminate copper from vital tissues as fast 
as it tended to enter. 

Although the values obtained in this single experiment are somewhat irregular, 
two important differences are indicated by the results as compared with the results 
obtained with barnacles. At the same concentrations, the exposures which are lethal 
to mussels are considerably shorter than for barnacles. Similarly the mussels suc- 
cumbed after accumulating amounts of copper in their tissues which were much lower 
than was the case with barnacles. 


TESTS ON THE POISONING OF CYPRIDS 


During January, 1943, experiments were undertaken at Miami Beach, Florida, 
on the poisoning of barnacles in the cyprid stage. Especial interest centered on these 
observations because the cyprid is the stage in which the animal first attaches it- 
self to the substratum. It is the opinion of many that once a barnacle becomes at- 
tached, it can be killed only with great difficulty and that even if it is killed, the shell 
does not drop off but remains firmly attached. Actually, attachment takes place 
in two steps: first, the attachment of the antennae of the cyprid, following which 
metamorphosis is begun ; and second, the attachment of the base of the barnacle after 
metamorphosis has been completed. 

Cyprids were obtained by suspending glass microscope slides in Biscayne Bay 
overnight. The cyprids were presumed to be those of Balanus improvisus, which 
is the commonest adult barnacle in the neighborhood. The slides were brought into 
the laboratory where the following details in the development of the cyprids were 
observed. 

The cyprids are originally attached by their antennae. About 5 or 6 hours after 
attachment, the animal undergoes metamorphosis in the course of which the cyprid 
shell is moulted and the animal emerges as a more or less round body still adhering 
to the substratum by the original attachment which now appears as the center of 
the convex base of the animal. 

As development proceeds the base of the animal, which was at first freely mov- 
able, tends to flatten and to be pressed against the substratum. About 24 hours 
after metamorphosis the base is completely flattened with relatively sharp edges. 
A pulsation of the central parts of the animal has begun by this time, and the oper- 
culum may open, but no cirri are extended. The base is not caused to move by the 
activity of the animal, as before, but any part of it, except the original central point 
of attachment, is easily dislodged by pressure with a needle. 

After another 24 hours, the cirri may be extended and filter actively, and the 
main area of the base begins to adhere to the substratum. At first the base merely 
gives the impression of being sticky; later it becomes attached with sufficient firm- 
ness so that it cannot be dislodged without tearing the tissue. Not until the third 
day or later does hard material (presumably calcium carbonate) begin to appear in 
the base. 

The attachment of the cyprid by its antennae takes place quickly, and the original 
attaching structure remains in existence at least until calcification begins. The at- 
tachment of the base of the newly metamorphosed barnacle is a slow process which 
provides only weak adhesion at first but which finally supplies a permanent and 
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TABLE XIII 


Effect of different concentrations of cupric citrate in preventing the metamorphosis of 
barnacle cyprids attached to glass slides 


Species: probably Balanus improvisus 


Concentration Number of Number of cyprids 








mg. Cu/liter cyprids exposed which metamorphosed 

116. 6 2 (moult incomplete) 
58. 6 3 (moult incomplete) 
23. 4 4 

9.7 3 3 

4.9 Z 2 

0.93 11 11 

0.47 9 9 

0.23 5 5 

0.12 9 9 


firmly cemented calcareous structure. Poisoning of the barnacle could theoreti- 
cally be accomplished either in the attached cyprid stage or as a newly metamor- 
phosed animal before the calcification of the base. 

The susceptibility of the cyprid to poisoning was investigated by placing cyprids 
attached to glass slides in solutions of cupric citrate (Table XIII) and of mercuric 
chloride (Table XIV). In the case of the copper solutions, the cyprids metamor- 
phosed successfully in concentrations as great as 23 mg. Cu/1 and solutions as 
strong as 116 mg. Cu/1 were only partially inhibitory. Concentrations about 100 
times greater than those ordinarily tolerated by adult barnacles, therefore, were not 
capable of killing the cyprids before they completed their metamorphosis. 

In the case of the mercury solutions, although an inhibitory effect was observed 
at a lower concentration (16.6 mg. Hg/liter) than for copper, much higher concen- 
trations of the toxic were required to prevent metamorphosis than would ordinarily 
kill adult barnacles. 

Failure to kill the cyprid may be due to an unusually high resistance of the animal 
to poison in this stage or to the relative shortness of the period between attachment 
and metamorphosis, or both. From these results it is probable that the metamor- 
phosis of the attached cyprid cannot be stopped by any concentration of toxic which 
could practically be obtained from a paint. 


TABLE XIV 


Effect of different concentration of mercuric chloride in preventing the metamorphosis 
of barnacle cyprids attached to glass slides 


Species: probably Balanus improvisus 


Toxic solution Number of 


mg. Hg/liter cyprids exposed Number which metamorphosed 
83. 5 0 
16.6 6 3 (moult incomplete) 
3.3 6 6 
0.66 9 9 
0.17 7 7 


0.09 10 10 
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The susceptibility to poisoning of the newly metamorphosed barnacle was tested 
in a similar fashion by placing slides bearing animals in this stage in solutions of 
cupric citrate (Table XV). Much lower concentrations of copper were required 
to kill the newly metamorphosed barnacle than was necessary to prevent the cyprids 
from carrying out their metamorphosis. The relation between killing time and con- 
centration is roughly of the same order of magnitude as observed for adult barnacles 
at Woods Hole. There is some indication, however, that the newly metamorphosed 
animals are slightly more resistant, as concentrations of 0.23 mg. Cu/1 to 0.47 mg. 
Cu/1 were required to kill in five days in contrast to concentrations of only 0.14 to 
0.30 mg. Cu/1 for the older animals. 

Although recently metamorphosed barnacles survived for several days in con- 
centrations of cupric citrate of 0.12 mg. Cu/1 or lower, their development was very 
materially retarded. In the stronger solutions the base remained in the rounded 


TABLE XV 


Relation of killing time to concentration of cupric citrate in barnacles 
which had just completed metamorphosis 


Species: probably Balanus improvisus 


Concentration Killing time 
mg. Cu/liter days 


9.7 

4.9 

0.97 
0.93 
0.47 
0.23 
0.20 
0.12 
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condition, and in concentrations down to at least 0.20 mg. Cu/1 the base never 
became calcified nor rigidly cemented to the substratum, although it might become 
flattened and adhesive. 

In a small number of tests reported subsequent to this investigation by Pyefinch 
and Mott (1944), free swimming cyprids of Balanus balanoides were killed in 24 
hours by 0.5 to 1.0 p.p.m. copper from cupric sulphate. Metamorphosis was com- 
pleted in concentrations up to 7 p.p.m. but after metamorphosis the barnacles 
were killed in 3 days by 0.5 p.p.m. Mercury from mercuric chloride was found to 
be more toxic than copper. These results agree very satisfactorily with ours. 

At still lower concentrations of copper, in the present experiments, a complete 
change in the effect of the metal evidently comes about, for development was ac- 
celerated. Animals in the lowest concentration tested, namely 0.06 mg. Cu/1, 
reached the stage of active filtering with their cirri in less than 48 hours after 
metamorphosis, although the controls did not attain this stage until about 2 days 
later. It appears that a small amount of copper acted as a stimulant to development, 
and that larger amounts of copper retarded development even though they may be 
insufficient to kill the animals outright. 













POISONING IN BARNACLES AND MUSSELS 
DISCUSSION 


Adult barnacles, and perhaps young stages also, can absorb ten to possibly one 
hundred times as much copper as their tissues normally contain without apparent 
injury. They can eliminate a certain amount of this material also. Therefore, 
when copper is used as a toxic in an antifouling paint, a substance is employed 
which can be taken up with impunity in relatively large quantities by the bar- 
nacle and to a lesser extent by the mussel. The animals can recover from the effects 
of this poison, to a certain extent at least, when again bathed by fresh sea water. 

In some cases mussels which had received a lethal dose of poison remained in an 
apparent healthy condition for several days after being replaced in fresh sea water 
before dying. No such latent period was observed in the experiments with 
barnacles. 

Possibly related to the facts just considered is the indication that the action of 
copper as a poison is not so much the direct destruction of some tissue or vital 
material in the barnacle as a general retardation of life processes. In the case of the 
adult barnacle, subjection to copper solutions causes a slowing and eventual cessation 
of the filtering activity of the cirri. In the case of the newly metamorphosed stages, 
not only is movement inhibited but development is seriously retarded as well. Much 
more satisfactory as a poison would be some substance which struck directly and 
irreversibly at some vital point in the animal and which could not be eliminated from 
the tissues. With such an ideal poison, barnacles which received only small doses, 
due to unavoidable dilution, would eventually be killed when a lethal amount of the 
material had accumulated. We have shown that with copper, sublethal doses may 
possibly stimulate development and certainly may allow subsequent recovery. Evi- 
dence that copper may stimulate the attachment of larvae has been reported by 
Prytherch (1934) for the oyster and by Miller (1946) for Bugula. 

The relative vulnerability of the various steps in the attachment and growth of 
barnacles has been revealed by this investigation. The original idea that barnacles 
could be eliminated from a ship’s hull only by preventing their initial attachment is 
partly right and partly wrong. As explained above, the attachment actually takes 
place in two steps. There is little promise of using poison successfully to prevent 
the first step, namely the attachment of the cyprid by its antennae, since this ap- 
parently takes place in a matter of minutes. However, we should not lose sight of 
the very important, but as yet unrealized, possibility of finding a substratum to- 
ward which the cyprid would display an avoiding reaction or to which the cement 
of the antennae would not adhere.’ 

Our tests have demonstrated the practical impossibility of preventing by poison 
the metamorphosis of the cyprid or of killing it during the process. This con- 
clusion is substantiated by the results of Pyefinch and Mott (1944) and is in agree- 
ment with their statement: “Settlement and metamorphosis can take place on a 
paint in other respects anti-fouling though death of the barnacle occurs after meta- 
morphosis.” Similarly, at the other end of the life cycle, after the adult barnacle has 
attained any considerable size, it can be poisoned only with great difficulty for the 
reasons already discussed. 


‘In certain tests under laboratory conditions, Pyefinch and Mott (1944) found that cyprids 
failed to settle in concentrations of copper as low as 0.03 p.p.m. 
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There remains, however, the possibility of effectively preventing the second 
step in the attachment process, namely the permanent cementing of the base of the 
newly metamorphosed animal to the substratum. Although a long exposure to 
copper or a high concentration is necessary to kill the barnacle outright at this stage, 
moderate concentrations of poison tend to retard development and possibly to pre- 
vent the formation of the calcareous base, or the cement for this base, with the re- 
sult that the young barnacle never succeeds in establishing a firm attachment, and 
hence is eventually displaced. The newly metamorphosed stage, therefore, appears 
to be the most vulnerable to copper poisoning. 

The indication is, then, that copper paints act by preventing attachment but do 
so chiefly during the second step of the process through interference with the final 
cementing of the base of the metamorphosed barnacle to its substratum. 


SUMMARY 


1. Direct tests were performed on the concentrations and exposures of a variety 
of metallic salts necessary to kill barnacles. The toxicities of mercury, cupric 
citrate, cupric tartrate, cupric salicylate, and cupric aminobenzoate were found to be 
slightly less than the toxicity of basic cupric carbonate. The toxicity of silver is 
about equal to that of basic cupric carbonate, but the toxicity of zine is very much 
less. 

2. The rate of killing of barnacles by cupric citrate is proportional to the concen- 
tration of the toxic over the range tested. 

3. An extremely high concentration of copper or of mercury salts was necessary 
to prevent the metamorphosis of cyprids attached to glass plates. The results show 
the difficulty of preventing the initial attachment of cyprids, or their metamorphosis, 
by the use of copper paints. 

+. Moderate concentrations of cupric citrate seriously retard the development of 
the newly metamorphosed barnacles and prevent the second step in attachment, 
namely, the formation of the cemented calcareous base. 

5. Exposure of the newly metamorphosed barnacles to very low concentrations of 
cupric citrate accelerated development beyond that of the normal animals. 

6. The soft tissues of adult barnacles normally contain a much higher concentra- 
tion of copper than does sea water. When placed in solutions of cupric citrate, bar- 
nacles absorbed more than 100 times the normal copper content of the tissues. In 
no case were barnacles killed by the absorption of less than 0.19 mg. of copper per 
gram of dry weight—more than 10 times the normal content. In some cases bar- 
nacles which had absorbed 0.5 mg. to 1.09 mg./g. from toxic solutions revived when 
replaced in fresh sea water. 

7. It was demonstrated that when replaced in fresh sea water, barnacles can 
eliminate from their tissues as much as two-thirds of the copper which has been ab- 
sorbed from toxic solutions. 

8. Mussels are more sensitive to poisoning by cupric citrate than barnacles. 
When exposed to copper solutions, mussels take up copper more rapidly than do 
barnacles, and when replaced in fresh sea water, they eliminate it from their tissues 
more rapidly and extensively. In many cases in which a considerable portion of 
the copper was eliminated, the mussels nevertheless succumbed subsequently. 
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Report from Woods Hole Oceanographic Institution to the Bureau of Ships (un- 

published). 





SERIAL PUBLICATIONS ADDED TO THE MARINE BIOLOGICAL 


LABORATORY AND THE WOODS HOLE OCEANOGRAPHIC 
INSTITUTE LIBRARY SINCE FEBRUARY, 1943! 


EXPLANATION OF SYMBOLS 


litles recorded alphabetically with initial dates. 


. 


ceased publication. 


{ | incomplete. 


receive currently. 





Abhandlungen der Medizinischen Fakultat 
der Sun Yatsen Universitat 1929: Canton. 
2, no. 2; 3, no. 2 

*Abhandlungen und Monographien aus dem 
Gebiete der Biologie und Medizin 1920: 
Bern and Leipzig. . 1-3 

Academy of Natural Sciences of Philadelphia; 
Monographs 1935: 6-7 

Acta Agralia Vadensia 1934: Wageningen. | 

Acta Horti Petropolitani (Trudy Imperator- 
skago S.—Peterburgskago Botanicheskago 
Sada) 1871: 16; 21-23, no. 2 

Acta Neerlandica Morphologiae Normalis et 
Pathologicae 1937: Utrecht. 1+ 

Acta Physiologica Scandinavica (supersedes 
Skandinavisches Archiv fiir Physiologie) 
1940: 1+ 

Acta Zoologica Lilloana 1943: Tucuman, Ar- 
gentina. 1+ 

l’Activité de la Commission Géodésique Bal- 
tique (Die Titigkeit der Baltischen Geoda- 
tischen Kommission) (1924-1938 as Comptes 
Rendus de la Session de la Commission 
Géodésique Baltique, 1-10) (Verhandlungen 
der Baltischen Geodatischen Kommission) 
1924: 2+ 

Advancement of Science (supersedes Report 
of the British Association for the Advance- 
ment of Science) 1939: 1+ 

Advances in Protein Chemistry 1944: New 
York, 1+ 

American Journal of Clinical Pathology; off- 
cial publication, American Society of Clini- 
cal Pathologists 1931: 1+ 

American Midland Naturalist; Monograph 
Series 1944: University of Notre Dame. 1+ 

American Review of Soviet Medicine 1943: 
American-Soviet Medical Society. 1+ 


Anais do Instituto de Medicina Tropical 1943: 
Lisbon. 1+ 

Anales de la Direccién de Meteorologia 
(through 1913 as Oficina Meteorologica 
Nacional); Reptiblica Argentina; Ministerio 
de Agricultura de la Nacién 1878: [18-19] 

Anales de la Sociedad de Biologia de Bogota 
1943: 1+ 

Annales Biologiques; Conseil Permanent Inter- 
national pour |’Exploration de la Mer 1939: 
1 +4- 

Annales d’Astrophysique; publi¢ées sous les 
auspices du Service d'Astrophysique du 
Centre National de la Recherche Scientifique 
1938: 6+ 

Annales d’Endocrinologie; Bulletin Officiel de 
la Société d’Endocrinologie 1939: Paris. 7, 
no. 1 

Annales de Géophysique 1944: Paris. 1+ 

Annales de l’Université de Paris 1926: 2, [9], 
[11-13], 14 (1939) 

*Annales de Physique du Globe de la France 
d’Outre-Mer 1934: 1-6 

Annals of Surgery; a monthly review of surgi- 
cal science and practice 1885: 117+ 

*Annual of the National Academy of Sciences 
1863: Cambridge. 1863-65 

*Annual Report; Chicago Academy of Sciences 
1877: 38-40 (1897) 

Annual Report; Freshwater Biological Asso- 
ciation of the British Empire 1932: 6+ 

Annual Report of State Game Warden and 
Annual Report of Game and Inland Fish 
Commission 1938: Baltimore, Md. 1-5 
(1943) 

Annual Report of the Division of Laboratories 
and Research; New York State Depart- 
ment of Health: 1933+ 


‘The Supplement to the Biological Bulletin, vol. 84, no. 1, 1943, gave a complete list to 
that date. 














SERIAL PUBLICATIONS, MARINE BIOLOGICAL LABORATORIES 93 


Annual Report of the Librarian of Congress; 
Supplement; Quarterly Journal of Current 
Acquisitions 1943: 1+ 

Arbeiten auf dem Gebiete der Chemischen 
Physiologie 1903: Bonn. 13 

*Archives de Plasmologie Générale 1912: 1, 
no. 1 

*Archives of Dermatology; a Quarterly Jour- 
nal of Skin and Venereal Diseases 1874: 
1-8 (1882) 

Archives of Surgery 1920: American Medical 
Association. 1-39, 41+ 

Arkiv fér Kemi, Mineralogi och Geologi 1903: 
11+ 

Astrophysica Norvegica; Institute of Theoreti- 
cal Astrophysics of Oslo University 1936: 
1-2, [3] 

Aus der Natur; Zeitschrift fiir alle Natur- 
freunde 1905: 5, no. 24 


Beitrige zur Physiologischen Optik see 
Problemy Fiziologicheskoi Optiki 

Bibliography of Scientific and Industrial Re- 
ports; distributed by the Office of the Pub- 
lication Board 1946: Washington, D. C. 1+ 

Biolégica; Trabajos del Instituto de Biologia 
de la Facultad de Biologia y Ciencias Medi- 
cas de la Universidad de Chile 1944: 1+ 

Biological Review of the City College of the 
College of the City of New York 1938: 1+ 

Biometrics Bulletin; the Biometrics Section; 
American Statistical Association 1945: 1+ 

Blood; the journal of hematology 1946: 1+ 

Boletim da Sociedade Broteriana 1880: Uni- 
versity of Coimbra, Portugal. ser. 2, 4-16, 
18+ 

Boletin Biologico; organo. de los Laboratorios 
de la Universidad de Puebla 1942: Mexico. 
i+ 

Boletin del Laboratorio de Estudios Medicos y 
Biologicos 1942: Mexico. 1+ 

Boletin del Observatorio Nacional; Republica 
de Cuba 1906: epoch III, [1-3]; epoch IV, 
1+ 

*Boletin Mensual; Oficina Meteorologica Na- 
cional; Repdblica Argentina; Ministerio de 
Agricultura de la Nacién 1916: [3-4], 8 

Botany Pamphlet; Carnegie Museum 1935: 
i+ 

British Chemical and Physiological Abstracts, 
C. Analysis and Apparatus 1944: 1944+ 

British Heart Journal 1939: 8, no. 3+ 

British Journal of Pharmacology and Chemo- 
therapy; edited for the British Pharmaco- 
logical Society 1946: 1+ 

Brittonia; a series of botanical papers 1931: 
New York Botanical Garden. 1+ 

Bulletin; Arctic Institute of North America 

1946: Montreal. 1+ 





*Bulletin; Worthington Society for the Study 
of Bird Life 1909: 1-2 

*Bulletin de l’Association Francaise pour 
l’Avancement des Sciences (superseded by 
Sciences) 1896: 119-136 (1936) 

Bulletin(s) from the Institute for Medical Re- 
search, Federated Malay States 1924: 3 
(1924) 

Bulletin of the Seismological Society of Amer- 
ica 1911: 1+ 

Bulletin of the United States Army Medical 
Department 1943: 4, nos. 1-6; 6, no. 3 

Bulletin of Zoological Nomenclature; the offi- 
cial organ of the International Commission 
on Zoological Nomenclature 1943: 1+ 


Calcutta University; Journal of the Depart- 
ment of Science 1919: n.s. 1+ 

Ceylon Journal of Science; Section B, Zoology 
(1-22, pt. 1 as Ceylon Journal of Science) 
(for 1-22, pt. 1 see Spolia Zeylanica) 

Chicago Naturalist (supersedes Program of 
Activities of the Chicago Academy of Sci- 
ences) 1938: 1+ 

Circular; New Jersey Agricultural Experiment 
Station; 33-35, 44-45, 48, 50-52, 55, 68, 71, 
80-81, 84, 91-92, 100, 107 

Communications on the Science and Practice 
of Brewing see Wallerstein Laboratories 
Communications 

Compte Rendu Annuel et Archives de la 
Société Turque des Sciences Physiques et 
Naturelles see Tiirk Fiziki ve Tabii Ilimler 
Sosyetesi Yillik Bildirigleri ve Arsivi 

Comptes Rendus de la Session de la Com- 
mission see l’Activité de la Commission 
Géodésique Baltique 

Congrés International des Péches Maritimes, 
d’Ostréiculture et d’Aquiculture Marine 
1896: 1896, Sables-d’Olonne, Rapports 

*Contributions from the Biological Laboratory 
of the Catholic University of America 1916: 
1, 4-16, 18-19, 22-45 (1943) 


Dominion Museum Records (preceded by 
Records of the Dominion Museum) 1946: 
Wellington, N. Z.; in Entomology, 1+; in 
Zoology, 1+ 

Drosophila Information Service; Material con- 
tributed by Drosophila workers 1934: De- 
partment of Genetics, Carnegie Institution 
of Washington, Cold Spring Harbor. 1+ 

Duke University Marine Station; Bulletin 
1943: 1+ 


Endeavour; a quarterly review designed to 
record the progress of the sciences in the 
service of mankind 1942: London, Imperial 
Chemical Industries Ltd. 1-2, [3]+ 
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Excerta Médica de la Secretaria de Comuni- 
caciones y Obras Publicas 1942: Mexico 
su 

Experimental Medicine and Surgery; a quar- 
terly devoted to experimental investigations 
of clinical problems 1943: 14 


Farlowia; a journal of cryptogamic botany 
1943: Cambridge, Mass. 1-4 


Fieldiana. Botany (1-23 as Field Museum of 
Natural History Publications; Botanical 
Series) 1895: Chicago Natural History 
Museum. 1+ 

Fieldiana. Geology (1-9 as Field Museum of 
Natural History Publications; Geological 


Series) 1895: Natural History 


Museum. 1+ 


Chicago 


Fieldiana. Zoology (1-30 as Field Museum of 
Natural History Publications; Zoological 
Series) 1895: Chicago Natyral History 


Museum. 1+ 

Fish Survey Report to Maine Department of 
Fisheries and Game 1939: 4+ 

Fisheries Newsletter; published by the De- 
partment of Commerce and Agriculture 
1942: Cronulla, N. S. W., Australia. 3, 
4] = 

Folia Geographica Danica: Copenhagen. 3+ 

Folia Limnologica Scandinavica 1943: Copen- 
hagen. 1+ 

Frontiers in Chemistry; published under the 
auspices of Western Reserve University 

1943: 1, 3 


Game Bulletin; State of California Depart- 
ment of Natural Resources; Division of 
Fish and Game 1913: 2+ 

Geofisica Pura e Applicata 1939: Milan, Isti- 
tuto Geofisico Italiano. 1+ 

Geophysics; a journal of general and applied 
geophysics 1926: Society of Exploration 
Geophysicists. [1 ]-[10]+ 

Grenzfragen des Nerven- und Seelenlebens 
1900: Wiesbaden. 3; 11 


Helvetica Physiologica et Pharmacologica 
Acta 1943: 1+ 

Hospital Corps Quarterly; Supplement to the 
United States Naval Medical Bulletin 1917: 
16+ 


Illinois Monographs in the Medical Sciences 
(1-3, 1935-43 as Illinois Medical and Dental 
Monographs) 1935: 3, nos. 1-2; 4 

Ilmatieteellisen Keskuslaitoksen Toimituksia 
see Mitteilungen der Meteorologischen Zen- 
tralanstalt 

Indian Journal of Genetics and Plant Breeding 
1941: 1+ 

Industrie Chimique see Przemyst Chemiczny 
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Iowa State College Journal of Science; a quar- 
terly of research 1926: 1+ 

Istanbul Universitesi Fen Fakiiltesi Mecmuasi 
(Revue de la Faculté des Sciences de 1’ Uni- 
versité d’Istanbul) 1923: Seri A, Matematik, 
Fizik, Kimya. 7-9, [10]+; Seri B, Tabii 
Ilimler. 7+ 

Iubileinoe Izdanie k 135-Letnemu [ubilem 
Moskovskogo Obshchestva Ispytatelei Pri- 
rody (Apercu Historique; Société des Na- 
turalistes de Moscou) 1940: 2 nos. 


Jesuit Seismological Association ; Central Sta- 
tion; Preliminary Bulletin; in cooperation 
with Science Service and the United States 
Coast and Geodetic Survey: [1945 ]+ 

Journal of Applied Mechanics 1933: American 
Society of Mechanical Engineers. 1+ 

Journal of Colloid Science 1946: New York 
City. 1+ 

Journal of Dairy Research 
5-8; 9, nos. 1, 3 

Journal of Dairy Science 1917: American 
Dairy Science Association. Baltimore. [8- 
23] 

Journal of General Biology, Moscow, Aka- 
demiia Nauk SSSR see Zhurnal Obshchei 
Biologii 

Journal of Geology 1893: University of Chi- 
cago. 54+ 

Journal of Gerontology 1946: The Geronto- 
logical Society, Inc. 1+ 

Journal of Meteorology 1944: 
Meteorological Society. 1+ 

Journal of Oceanography; the Hakodate Ma- 
rine Observatory 1944: Japan. 1 

Journal of the History of Ideas; a Quarterly 
Devoted to Intellectual History 1940: 1+ 

Journal of the Indian Botanical Society (1-3, 
no. 5, 1919-23 as Journal of Indian Botany) 
1919: 25+ 

Journal of the Oceanographical Society of 
Japan (Nippon Kaiyo Gakkaisi). Central 
Meteorological Observatory, Tokyo. [1-3] 


1929: London. 


American 


Kaiyo no Kagaku (Science of the Ocean) 1941: 
Oceanographical Society of Japan, Tokyo. 


[1-4] 


Leaflet; Chicago Academy of Sciences 1938: 
2-19, 21+ 


(State of) Maryland Board of Natural Re- 
sources; Department of Research and Edu- 
cation; Educational Series 1944: 1+ 

Mathematical Tables and Aids to Computa- 
tion; a quarterly journal edited on behalf of 
the Committee on Mathematical Tables and 
Aids to Computation by the Chairman, 
Raymond Clare Archibald 1943: National 
Research Council. 1+ 








Mélanges Biologiques tirés du Bulletin de 
l’Académie Impériale des Sciences de St.- 
Pétersbourg 1849: 5, nos. 3-4 

*Memoir of the Thoreau Museum of Natural 
History 1914: Concord, Massachusetts. [2] 

Mémoires de |’Académie Royale de Belgique; 
Classe des Sciences; Collection in-4°, series 
2 1904: 1-[8], 9, [10]+ 

Mémoires de |’Académie Royale de Belgique; 
Classe des Sciences Collection in-8°, series 
2 1904: 18, no. 6+ 

Mémoires de (présentés a) I’Institut d’Egypte 
1862: 18 

Memoirs of the Hakodate Marine Observa- 
tory 1944: Japan. 1, pt. 1 

Memoirs of the National Museum; Melbourne 
1906: 1+ 

Memorie dell’Istituto Italiano di Idrobiologia 
Dott. Marco de Marchi. 1942. Milan. 1+ 

Mengelingen ; Koninklijk Belgisch Meteorolo- 
gisch Instituut see Miscellanés; Institut 
Royal Météorologique de Belgique 

Meteorologiske Annaler; utgitt av det Norske 
Meteorologiske Institutt i samarbeid med 
Universitetets Institutt for Teoretisk Me- 
teorologi 1942: 1+ 

*Microscopical Bulletin and Science News 
1883: Philadelphia. [3-18] 

Middle American Research Records 1942: 
Tulane University of Louisiana; Middle 
American Research Institute. 1, nos. 6, 9 

Miscellanées; Institut Royal Météorologique 
de Belgique (Mengelingen; Koninklijk Bel- 
gisch Meteorologisch Instituut) 1938: 2+ 

Miscellaneous Reports; a Publication of the 
Institute of Meteorology of the University 
of Chicago 1942: 1+ 

Mitteilungen der Meteorologischen Zentral- 
anstalt (Ilmatieteellisen Keskuslaitoksen 
Toimituksia) 1920: Helsingfors. 1+ 

Monographs from the Walter and Eliza Hall 
Institute of Research in Pathology and 
Medicine 1941: Melbourne. 1-2; 4+ 

Monthly Science News; Toronto. 14+ 

*Mycologisches Centralblatt; Zeitschrift fiir 

Allgemeine und Angewandte Mycologie 

1912: Jena. 1, no. 1 





National Research Council; Division of Geol- 
ogy and Geography; Report of the Com- 
mittee on Marine Ecology as Related to 
Paleontology 1940: 1940+ 

Natural History Miscellanea; published by 
the Chicago Academy of Sciences 1946: 1+ 

Nederlandsch Tijdschrift voor Natuurkunde 
(a continuation in part of Physica; Neder- 
landsch_ Tijdschrift voor Natuurkunde) 
1934: 1+ 
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New Zealand Meteorological Office; Profes- 
sional Note 1942: 1+ 

Northwestern University Studies in the Bio- 
logical Sciences and Medicine 1942: 1+ 

Nutrition Reviews 1942: 1+ 


Obituary Notices of Fellows of the Royal 
Society 1932: London. 9, 11-14 

Occasional Papers of the Marine Laboratory; 
Louisiana State University 1942: 1+ 

Occasional Papers of the Museum of Zoology; 
Louisiana State University 1938: 1 + 


*Papers from the Mayo Foundation for Medi- 
cal Education and Research and the Medical 
School 1915: 1-2 (1922) 

Pflanzenforschung 1922: 1 + 

Philosophy and Phenomenological Research; 
a quarterly journal 1940: International 
Phenomenological Society. 1+ 

*Physica; Nederlandsch Tijdschrift voor Na- 
tuurkunde (superseded by Physica and 
Nederlandsch Tijdschrift voor Natuur- 
kunde) 1921: 1-13 

Physis; Revista de la Asociacién Argentina de 
Ciencias Naturales 1912: 19, no. 53+ 

Plankton Jiho (Plankton Review). National 
Research Council of Japan. 2-15 (1931- 
40) 

Problemy Fiziologicheskoi Optiki (Beitrige 
zur Physiologischen Optik) (Problems of 
Physiological Optics) 1941: Leningrad, Aka- 
demifa Nauk SSSR. 1+ 

Proceedings of the Florida Academy of Sci- 
ences 1936: 1+ 

Proceedings of the Institute of Radio Engi- 
neers and Waves and Electrons. Proceed- 
ings 1913: 16-[34]+; Waves and Electrons 
1946: [1]+ 

Proceedings of the Louisiana Academy of Sci- 
ences 1932: 1+ 

*Proceedings of the Meteorological Society 
1861: London. 5 (1869-71) 

Proceedings of the Royal Entomological Soci- 
ety of London; series C. Journal of Meet- 
ings 1936: 1+ 

*Proceedings of the Society of Public Analysts 
1875: London. 1 

Proceedings of the South Dakota Academy of 
Sciences 1916: 1+ 

Proceedings of the Staff Meetings of the Mayo 
Clinic 1926: Rochester, Minnesota. [15- 
18], 19+ 

Progressive Fish Culturist; news and views 
from many sources on practical hatchery 
problems 1935: U. S. Fish and Wildlife 
Service. [2-56 ]+ 

Przemyst Chemiczny (Industrie Chimique). 
Warsaw. 22, nos. 11/12 (1938) 
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*Pubblicazioni della Stazione Biologica in San 
Bartolomeo (1-23 as Pubblicazioni dell’ 
Istituto di Biologia Marina del Tirreno in 
San Bartolomeo) 1928: 1—34 (1932) 

Publication; Department of Agriculture and 
Natural Resources; Bureau of Science; 
Manila: 13-14 

Publications of the Institute of Marine Science 
1945: University of Texas. 1+ 


Quarterly of Applied Mathematics 1943: 1+ 


Records of Observations; Scripps Institution 
of Oceanography 1942: 1+ 

Reichsberichte fiir Physik ; Beihefte zur Physi- 
kalischen Zeitschrift 1944: 1, nos. 1-5 

*Report of the Council of the British Meteoro- 
logical Society 1850: 2-4; 6-10 

Report of the Director; Chicago Academy of 
Sciences; Museum of Natural History 1938: 
1938+ 

Report of the Director to the Board of Trus- 
tees; Chicago Natural History Museum 
(a continuation of the Field Museum of 
Natural History Publications; Report Se- 
ries) 1943: 1943+ 

Report(s) of the Institute of Agricultural Re- 
search 1942: Tohdku Imperial University, 
Sendai. 1, 8-9 

Research Publications; University of Hawaii 
1927: 9-12, 15+ 

Revista de la Sociedad Malacolégica ‘Carlos 
de la Torre’; Museo “Poey’’; Universidad 
de la Habana 1943: 1+ 

Revista Sudamericana de Morfologia 1943: 
1+ 

Revue de la Faculté des Sciences de |’Univer- 
sité d’Istanbul see Istanbul Universitesi Fen 
Fakultesi Mecmuasi 


Sang; Biologie et Pathologie 1937: Paris. 16+ 

Sbornik Rabot po Fiziologii Rastenii; Moscow, 
Akademiia Nauk SSSR, Institut Fiziologii 
Rastenii imeni K. A. Timirfazeva. 1941 

Schriften der Kénigsberger Gelehrten Gesell- 
schaft; Naturwissenschaftliche Klasse 1924: 
1, no. 2; 8, no. 5 

Science Reports of National Wuhan Univer- 
sity; Biological Science 1939: 1-3 

Smithsonian Institution War Background 
Studies 1942: 1+ 

Sonderveréffentlichung; Baltische Geodit- 
ische Kommission (Special Publications; 
Baltic Geodetic Commission) 1930: 1+ 

Special Publication; Baltic Geodetic Commis- 
sion see Sonderveréffentlichung; Baltische 
Geoditische Kommission 

Special Publications; Chicago Academy of 

Sciences 1902: 1-4, 6+ 
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Special Publications of the New York Acad- 
emy of Sciences 1939: 1+ 

Strukturbericht; Zeitschrift fiir Kristallogra- 
phie, Kristallgeometrie und Kristallphysik; 
Ergainzungsband 1931: 1-7 (1943) 

Suisan Gakkwai Ho; published by the Scien- 
tific Fisheries Association; Faculty of Agri- 
culture, Tokyo Imperial University: 8; 9, 
nos. 2—4 (1940-44) 

Suomen Geodeettisen Laitoksen Julkaisuja 
(Veréffentlichungen des Finnischen Geoda- 
tischen Institutes) 1923: 10+ 

Supplement to the Journal of the Royal Statis- 
tical Society; being the organ of the Indus- 
trial and Agricultural Research Section of 
the Society 1934: London. 1, 3+ 

*Supplementary Papers; Royal Geographical 
Society 1882: 1-3 


Tatigkeit der Baltischen Geodatischen Kom- 
mission see l’Activité de la Commission 
Géodésique Baltique 

Texas Reports on Biology and Medicine 1943: 
i+ 

Trabajos del Instituto de Ciencias Naturales 
‘* José de Acosta”’; Serie Biol6égica 1942: 1+ 
Serie Geolégica 1943: Consejo Superior de 
Investigaciones Cientificos, Madrid. 1+ 

Transactions of the American Neurological 
Association 1875: New York. 66-70 

Transactions of the American Society of 
Mechanical Engineers 1880: New York. 1+ 

Transactions (and Studies) of the College of 
Physicians of Philadelphia 1841: ser. 3: 37- 
49, 52, 54; ser. 4: [1-8] 

Transactions of the Royal Society of Tropical 
Medicine and Hygiene 1907: 1+ 

*Tropical Plant Research Foundation Scientific 
Contributions 1926: Washington, D. C. 1-8, 
11-22 

Trudy Imperatorskago S.-Peterburgskago Bo- 
tanicheskago Sada see Acta Horti Petropoli- 
tani 

Tiirk Fiziki ve Tabii Ilimler Sosyetesi Yillik 
Bildirigleri ve Arsivi: Istanbul. 1, 4+ 


United States Department of the Interior; 
Fish and Wildlife Service; Special Scien- 
tific Report 1940: 1-9, 11+ 

United States Naval Medical Bulletin ; Supple- 
ment see Hospital Corps Quarterly 

United States War Department; Arctic Series 
of Publications issued in connection with 
the Signal Service, United States Army 
1885: 1-3 (1887) 

United States War Department; Office (of 
(the Chief) Engineers; Beach Erosion 
Board; Papers 1933: 2; Technical Memo- 
randum 1940: 1-2, 7; Technical Report 
1941: 1-2 














University of California Publications in Micro- 
biology 1943: 1+ 

University of Iowa Studies in Engineering; 
Bulletin 1926: 2—5; 7-11; 13+ 

*University of Iowa Studies in Medicine 1916: 

1-3 (1932) 

*University of Iowa Studies in Physics 1907: 
(2] 

University of Washington Publications in 
Anthropology (1, no. 1 as Publications in 
Political and Social Science) 1920: 2+ 

Unsere Welt; Illustrierte Monatschrift zur 
Férderung der Naturerkenntnis 1909: Bonn. 
1, no. 4 

Uspekhi Khimii 1932: Akademifa Nauk SSSR. 
12, no. 2+ 


Variétés Scientifiques recueillies par la So- 
ciété des Sciences Naturelles du Maroc; 
Empire Chérifien; Archives Scientifiques du 
Protectorat Francais 1921: 1+ 

Verhandlungen der Baltischen Geodiatischen 
Kommission see l’Activité de la Commission 
Géodésique Baltique 

Veréffentlichungen des Finnischen Geoditi- 
schen Institutes see Suomen Geodeettisen 
Laitoksen Julkaisuja 

*Verdffentlichungen der Zentralstelle fiir Bal- 

neologie 1911: n.s. 10 





SERIAL PUBLICATIONS, MARINE BIOLOGICAL LABORATORIES 


97 






Verstindliche Wissenschaft 1927: 1 


Wallerstein Laboratories Communications 
(1-7 as Communications on the Science and 
Practice of Brewing) 1937: New York City. 
1; 3+ 

*Washington Scientist; a magazine for the 
scientists of Washington 1945: 1, nos. 1-5 

Weather; a monthly magazine for all inter- 
ested in meteorology 1946: Royal Meteoro- 
logical Society. 1+ 


Yale Journal of Biology and Medicine 1928: 
i+ 


Zeitschrift fiir Angewandte Mathematik und 
Mechanik; Ingenieurwissenschaftliche For- 
schungsarbeiten 1921: [23-24]+ 

Zeitschrift fiir Kristallographie, Kristallgeo- 
metrie, Kristallphysik, Kristallchemie 1877: 
105+ 

Zhurnal Obshchei Biologii (Journal of General 
Biology) (supersedes Biologicheskii Zhur- 
nal) 1940: Akademiia Nauk SSSR. 4+ 

Zhurnal Obshchei Khimii (supersedes in part 
Russkoe Fiziko-Khimicheskoe Obshchestvo; 
Zhurnal Chast’Khimicheskaia) 1931: Aka- 
demiia Nauk SSSR. 15+ 








